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ABSTRACT

Actinopterygii makes up half of living vertebrate diversity, and study of fossil members during their Palaeozoic rise to
dominance has a long history of descriptive work. Although research interest into Palaeozoic actinopterygians has
increased in recent years, broader patterns of diversity and diversity dynamics remain critically understudied. Past studies
have investigated macroevolutionary trends in Palacozoic actinopterygians in a piecemeal fashion, variably using existing
compendia of vertebrates or literature-based searches. Here, we present a comprehensive occurrence-based dataset of
actinopterygians spanning the whole of the Palacozoic. We use this to produce the first through-Palacozoic trends in
genus and species counts for Actinopterygii. Diversity through time generally tracks metrics for sampling, while major
taxonomic problems pervading the Palacozoic actinopterygian record obscure diversity trends. Many described species
are concentrated in several particularly problematic ‘waste-basket’ genera, hiding considerable morphological and tax-
onomic diversity. This taxonomic confusion also feeds into a limited understanding of phylogenetic relationships. A
heavy sampling bias towards Europe and North America exists in both occurrence databases and available phylogenetic
matrices, with other regions underrepresented despite yielding important data. Scrutiny of the extent to which spatial
biases influence the actinopterygian record is lacking, as is research on other forms of bias. Low richness in some time
periods may be linked to geological biases, while the effects of taphonomic biases on Palacozoic actinopterygians have
not yet been investigated. Efforts are already underway both to redescribe poorly defined taxa and to describe taxa from
underrepresented regions, helping to address taxonomic issues and accuracy of occurrence data. New methods of sam-
pling standardisation utilising up-to-date occurrence databases will be critical in teasing apart biological changes in diver-
sity and those resulting from bias. Lastly, continued phylogenetic work will enable the use of phylogenetic comparative
methods to elucidate the origins of actinopterygian biogeography and subsequent patterns of radiation throughout their
rise to dominate aquatic faunas.
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I. INTRODUCTION

Reconstructions of deep-time biodiversity patterns are critical
to understanding the evolution of life on Earth. However,
deciphering whether these patterns represent true changes in
biodiversity is a key challenge for palacobiologists
(Raup, 1972, 1976; Sepkoski, 1981; Alroy et al., 2008). The
past 20 years have seen rapid growth in the number of quan-
titative studies employing fossil occurrence data to estimate
patterns of diversity in vertebrate groups. The majority of
work on vertebrate diversity through time focuses on either
individual taxonomic groups of tetrapods (e.g. Alroy, 2009;
Benson et al, 2010; Mannion e al., 2011, 2019; Buter
et al., 2011; Butler, Benson & Barrett, 2013; Brocklehurst,
Kammerer & Frobisch, 2013; Pearson e al, 2013; Cleary
et al., 2015, 2018, 2020; Bennett ¢ al., 2018; Cantalapiedra,
Domingo & Domingo, 2018; Cantalapiedra e al, 2021,
Brown ¢t al., 2019; Driscoll ¢ al., 2019; Celis e al., 2020) and
fishes (Sallan & Coates, 2010; Koot, 2013; Lloyd &
Friedman, 2013; Sansom, Randle & Donoghue, 2015;
Romano et al., 2016), or large-scale analyses of all tetrapods
using publicly available, community-led databases such as
the Paleobiology Database (PBDB; paleobiodb.org) (Sahney,
Benton & Ferry, 2010; Close ¢t al., 2017, 2019, 20204; Dunne
et al., 2018; Dunne, 2020). These studies have allowed insight
into evolutionary dynamics in deep time, the assembly of
ancient and modern ecosystems, and revealed major changes
in diversification, extinction, and paleoecology. For example,
studies of Palacozoic vertebrates have illuminated the rise of

(2) Distribution of Palacozoic actinopterygians

(@) United Kingdom and the Republic of Ireland
¢) Central Europe ................
Eastern Europe ................
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jawed vertebrates from the Silurian to the Devonian
(Sansom et al., 2015), a major shift from placoderm- and
sarcopterygian-dominated faunas to chondrichthyan- and
actinopterygian-dominated faunas after the end-Devonian
mass extinction (Sallan & Coates, 2010), and changes in
Palacozoic tetrapod diversity in relation to palaecoenviron-
ments (Dunne ¢t al., 2018; Pardo et al., 2019).

Despite accounting for roughly half of extant vertebrate
species (Nelson, Grande & Wilson, 2016), research on the
diversity of actinopterygians over long evolutionary time-
scales comprises only a fraction of macroevolutionary studies.
Ray-finned fishes likely evolved in the Silurian (Zhu
et al., 2009) with the crown group originating close to the
Devonian—Carboniferous boundary (Giles et al., 2017), but
diversity dynamics throughout the Palaeozoic are poorly
understood due to the limited number of studies utilising
occurrence-based datasets. This reflects a broader palaeon-
tological trend of understudy into the fossil record of fishes
(Friedman & Sallan, 2012). Notable exceptions include
diversity and faunal analyses of Middle Devonian to Missis-
sippian gnathostomes (Sallan & Coates, 2010); an analysis
of British fish richness (Lloyd & Friedman, 2013); and a study
on Permo-Triassic osteichthyans (Romano et al., 2016). Some
studies have used compendia of first and last appearances to
plot counts through time (Benton, 1993; Patterson, 1994;
Sepkoski, 2002; Blieck, 2011; Friedman & Sallan, 2012).
Other works examine patterns of biodiversity across long
periods of time using publicly available occurrence data
(e.g. PBDB), although they present aggregated data for
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numerous groups of ‘fishes’, or an even broader set of taxa
such as nektonic metazoans (e.g. Whalen & Briggs, 2018;
Harper, Cascales-Miflana &  Servais, 2020; Close
et al., 20200).

While these studies represent an important first foray into
understanding Palacozoic actinopterygian evolution, there
have been limited syntheses that take the accuracy of the
ray-fin fossil record into account, which is a major barrier
to reconstructing long-term evolutionary patterns. Previous
attempts either focus on the UK and include non-
actinopterygian fishes (Lloyd & Friedman, 2013), do not
cover the entire Palacozoic (Sallan & Coates, 2010; Romano
etal., 2016), or are broader in scope without as much focus on
the suitability of data and barriers to interpreting diversity
patterns (Sallan, 2014). Friedman & Sallan (2012) note the
lack of such investigation for fishes, and, through a qualitative
survey, suggest that geological and taxonomic biases likely
impact studies of the diversity of fishes through time. Here,
we summarise the current state of research on the Palacozoic
fossil record of actinopterygians and present a new occur-
rence database spanning the Palacozoic in an attempt to
answer the following questions: () how has our understand-
ing of the Palacozoic actinopterygian fossil record changed
over time; (z) what are the trends in face-value diversity
through the Palaecozoic; (1) how do sampling and other
biases affect our understanding of Palacozoic actinoptery-
gian diversity through time; and (i) how do taxonomic prob-
lems and existing phylogenetic analyses hinder our
interpretation of the Palacozoic actinopterygian fossil
record?

II. CURRENT HYPOTHESES OF PALAEOZOIC
ACTINOPTERYGIAN DIVERSITY

(1) Past studies

Although our understanding of patterns of actinopterygian
diversity lags behind that of other groups, a number of stud-
ies over the past few decades have investigated fish diversity
at different taxonomic levels and geological scales (Fig. 1).
Initially, these approaches used published compendia to
generate family- and/or genus-level diversity curves.
The first major attempt (Thomson, 1977) used data from
Romer’s (1966) compendium to plot genus- and family-
level diversity of Phanerozoic ‘fishes’ (Acanthodii, Agnatha,
Chondrichthyes, Chondrostei, Holostei, Placodermi, Sar-
copterygii and Teleostei; Fig. 1E). In subsequent years, sev-
eral studies used family-level data from Benton (1993) to
investigate osteichthyan diversity through the Palacozoic.
Patterson (1994) plotted diversity curves for osteichthyans
as well as stem-actinopterygians, stem-neopterygians and
stem-teleosts, encompassing all Palacozoic actinopterygians
included in the parent dataset (Fig. 1A). Blieck (2011;
Fig. 1B) and Benton (2014 fig. 2.11) also used data compiled
by Benton (1993) to plot family-level diversity curves of verte-
brates from the Ordovician to Triassic, though did not focus
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on actinopterygians. Additionally, Friedman & Sallan (2012)
used an existing marine dataset (Sepkoski, 2002) to present
genus-level diversity patterns of all “fishes’ (vertebrates exclud-
ing Tetrapoda and including Conodonta) throughout the
Phanerozoic (Fig. 1C).

Other attempts have used literature-based datasets to
interrogate patterns of diversity. Sallan & Coates (2010)
assembled a dataset of gnathostome occurrences from 66
localities spanning the Middle Devonian (Givetian) to early
Carboniferous (Serpukhovian) and presented diversity
curves of gnathostomes (Acanthodii, Actinopterygii, Chon-
drichthyes, Placodermi, Sarcopterygii, Tetrapoda; Fig. 1TF).
Lloyd & Friedman (2013) compiled data from a variety of
sources, both as a means of comparing datasets (Agas-
siz, 1833; Carroll, 1988; Benton, 1993; Sepkoski, 2002;
Palaeobiology Database, downloaded on 31/05/12) and to
investigate the diversity of Phanerozoic ‘fishes’ (excluding
Conodonta) with a particular focus on the fossil record of
Great Britain (Fig. 1D). Romano et al. (2016) and Vazquez &
Clapham (2017) compiled datasets that commence in the
Asselian (early Permian) and encompass osteichthyans
(Actinistia, Dipnoi, Holostei, ‘Palacopterygii’, ‘Subholostet’
and Teleosteomorpha: Romano et al., 2016; Fig. 1F) and
marine fishes [Osteichthyes (excluding Dipnoi) and Chon-
drichthyes  (excluding  Acanthodii);  Vdzquez &
Clapham, 2017].

As in Lloyd & Friedman (2013), a large proportion of
recent diversity studies for fossil groups utilise occurrence
data from the PBDB, a public resource that is voluntarily
maintained by an international group of palaeontologists.
However, most diversity studies on actinopterygians have
relied on published compendia or datasets compiled directly
from the literature, i.e. without use of the PBDB [see
Vazquez & Clapham (2017) for an exception]. There have
not yet been enough efforts to enter occurrence data for
osteichthyans, and particularly actinopterygians, into the
PBDB to represent their record accurately, as discussed
by Lloyd & Friedman (2013) and evidenced by current
PBDB Palacozoic actinopterygian diversity curves for gen-
era, collections, formations and equal-area grid cells
(Fig. 2). Several periods throughout the Devonian and
early Permian lack entries entirely, and no time period
contains more than 50 occurrences: the average number
of occurrences is less than eight per interval, while the
median is three. Diversity levels appear to fluctuate wildly
during the Carboniferous before a precipitous rise through
the Permian and steep drop in the Changhsingian. The
PBDB data presented here (Fig. 2) is intended as a snap-
shot of the currently available occurrence data, highlight-
ing that research effort to contribute Palacozoic
actinopterygian occurrences to the database has thus far
been minimal. Improving this record represents a priority
for future studies, and efforts are currently underway to
expand the actinopterygian PBDB record.

The studies introduced above differ greatly in their sam-
pling and spread of taxa, but collectively they provide an
indication of the general patterns of changes in
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(Figure legend continues on next page.)
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Fig. 2. Raw counts of Palacozoic actinopterygian genera (black, solid line), collections (brown, short-dashed line), formations (red,
dotted line) and equal-area grid cells (orange, long-dashed line) entered in the Paleobiology Database (PBDB).

actinopterygian diversity through time, as summarised below
and in Figs 1 and 2.

(2) Devonian diversity patterns

All studies covering the Devonian depict very low counts of
actinopterygians (Thomson, 1977: fig. 7; Patterson, 1994:
fig. 1; Sallan & Coates, 2010: fig. 1; Blieck, 2011: fig. 2)
(Fig. 1), and PBDB occurrences are lacking (Fig. 2). Thomson
(1977), Patterson (1994) and Sallan & Coates (2010) show a
gradual rise from the Middle to Late Devonian. Blieck
(2011), however, figures a small peak in the Frasnian, likely
due to the Gogo and Gladbach faunas (Sallan &
Coates, 2010), while only a handful of genera from the
Givetian and Frasnian (and none in the Famennian) have
been entered into the PBDB. Only four genera (eight species)
of actinopterygians are entered in the PBDB for the entire

Devonian; fewer than the number described in the literature
for just the Famennian (Dunkle, 1964; Dunkle &
Schaeffer, 1973; Taverne, 1997; Daeschler, 2000;
Prokofiev, 2002; Friedman & Blom, 2006).

While new taxa are still being described, actinopterygians
appear to be genuinely rare in Devonian deposits, especially
relative to other taxa (Friedman, 2015: fig. 4). Reclassifica-
tion of Meemannia Zhu et al. 2004 as a ray-finned fish rather
than a lobe-finned fish (Lu et al., 2016) filled a conspicuous
temporal gap in early actinopterygian evolution, but this
taxon remains the only actinopterygian known amongst
roughly 20 species from this locality. Choo et al. (2019)
recently described a new genus of actinopterygian from the
highly diverse Frasnian Gogo Formation, which is known
primarily for its placoderm and sarcopterygian faunas.
Although ray fins account for only five species out of
around 50 Gogo taxa (Long & Trinajstic, 2010, 2017;

(Figure legend continued from previous page.)

Fig. 1. Diversity of Palaeozoic fishes through time presented in previous studies. (A) Family-level diversity curves of actinopterygians
and non-actinopterygian osteichthyans (Patterson, 1994; using data from Benton, 1993). (B) Family-level diversity curves of
actinopterygians and non-actinopterygian fishes (Blieck, 2011; using data from Benton, 1993). (C) Genus-level diversity of marine
osteichthyans and non-osteichthyan fishes, excluding conodonts (Friedman & Sallan, 2012; using data from Sepkoski, 2002).
(D) Genus-level diversity of British osteichthyans and non-osteichthyan fishes (Lloyd & Friedman, 2013). (E) Genus-level diversity
of actinopterygians and non-actinopterygian fishes (Thomson, 1977; using data from Romer, 1966). (F) Genus-level diversity of
actinopterygians and non-actinopterygian fishes (Sallan & Coates, 2010; Romano ¢t al., 2016).
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Sallan & Coates, 2010: fig. 2) they comprise a large
proportion of specimens, indicating faunal abundance
despite taxonomic paucity. Even more recently, Newman
et al. (2021) described a new species of Cheirolepis Agassiz
1835 from the Givetian of Svalbard, found alongside roughly
20 non-actinopterygian fishes. Similarly, a new site from
the Famennian of Belgium has yielded microremains of an
undescribed actinopterygian, amidst large numbers of other
vertebrates (Olive et al., 2015a,b, 2016, 2020).

Recent work on historically undersampled regions has
revealed numerous new taxa, although overall taxonomic
diversity of actinopterygians remains relatively low through-
out the Devonian. Isolated jaw elements, body impressions
and scales from Famennian deposits in South Africa likely
represent a single actinopterygian amid a diverse array of
other fishes (Gess & Whitfield, 2020), while renewed pro-
specting in the contemporary Maider Basin of Morocco has
produced remains of a single articulated actinopterygian
(Frey et al., 2018) amongst its well-known placoderm and
chondrichthyan assemblages. New South American discov-
eries include evidence of a stegotrachelid actinopterygian
from the Frasnian of Colombia (Olive et al., 2019), the first
actinopterygian remains from the Devonian of the Parnaiba
Basin of Brazil (Pais de Rezende et al., 2021), and a new cir-
cumpolar species from the Middle Devonian (Figueroa,
Weinschiitz & Friedman, 2021). As in other localities, non-
actinopterygian fishes dominate these faunas (Janvier, 2007;
Janvier & Maisey, 2010; Figueroa & Machado, 2018). The
low diversity of actinopterygians also correlates with their
limited morphological disparity, contrasting with the vast
array of anatomies, and presumably ecologies, exhibited by
Devonian  sarcopterygians and placoderms (Anderson
et al., 2011). While important for understanding the early
evolution of the group, these scattered reports of new Devo-
nian taxa are unlikely to change existing overarching hypoth-
eses of actinopterygian diversity: as minor faunal
components represented by a small number of taxa relative
to other fish groups.

(3) Carboniferous diversity patterns

Previous diversity studies consistently report a large increase
in actinopterygian taxonomic diversity in the earliest Car-
boniferous following the end-Devonian mass extinction
(EDME). This increase is somewhat reflected in the data cur-
rently entered in the PBDB, although entries are extremely
limited both taxonomically (only 51 taxa from 92 localities
are entered) and geographically (all but one of the entries
are from USA and UK localities; Fig. 3B). Thomson’s
(1977) counts of ‘chondrostean’ genera (which encompasses
all Devonian and Carboniferous actinopterygians) rise
sharply in the Mississippian, as does Patterson’s (1994)
stem-actinopteran family-level count. Sallan & Coates
(2010) show this significant change in absolute and relative
diversity most clearly in their presentation of faunal composi-
tion from the Devonian into the Carboniferous (Sallan &
Coates, 2010: fig. 2; see also Friedman, 2015: fig. 4). This
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sharp rise is especially notable because the early Carbonifer-
ous (Tournaisian and early Visean) coincides with ‘Romer’s
Gap’, an apparent hiatus in the fossil record of tetrapods
(and other animals) variably explained as either a period of
poor sampling (Romer, 1956), low atmospheric oxygen
(Ward et al, 2006) or recovery following the EDME
(Sallan & Coates, 2010). Recent concerted efforts have begun
to populate Romer’s Gap, indicating that poor sampling
accounted for most of the apparent paucity of the record
(Clack et al., 2019; Otoo et al., 2019). The diversification of
actinopterygians immediately following the EDME likely
represents an adaptive radiation seeded by very few — or per-
haps just one — actinopterygian lineages (Sallan &
Friedman, 2012; Sallan, 2014; Giles et al., 2017), although
this hypothesis has not been explicitly tested. The contrast
between diverse (e.g. in Russia; Alekseev et al., 1994) and
depleted (e.g. in Morocco; Frey et al., 2018) early Tournaisian
faunas exemplifies the uncertainty of the relative contribu-
tions of extinction recovery, poor sampling and spatial bias
to the observed fossil record, although potential differences
between local environmental conditions are an important
consideration.

Raw genus diversity increases into the Visean from Tour-
naisian levels in most previous analyses (Patterson, 1994;
Sallan & Coates, 2010; Blieck, 2011) and the PBDB
(Fig. 2). The fossil record of Great Britain exhibits a
particularly extreme increase in osteichthyan richness,
most likely due to the very richly sampled Visean deposits
of Scotland (Dineley & Metcalf, 1999). This rise coincides
with a proliferation of new morphologies and ecologies,
likely z2a multiple independent acquisitions of key traits such
as durophagy and deep- and eel-like-bodies (Sallan & Fried-
man, 2012; Sallan, 2012, 2014; Sallan & Coates, 2013;
Friedman, 2015; Friedman e al., 2018). This gradual rise in
richness, accompanied by morphological and functional diversi-
fication, may represent a classic extinction recovery and adap-
tive radiation (Sallan & Friedman, 2012; Sallan, 2014).

Previous studies suggest conflicting patterns of actinopter-
ygian raw diversity into the Serpukhovian. Patterson (1994)
and Blieck (2011) report a decrease in family counts, in con-
trast to a slight increase in genus counts in Sallan & Coates
(2010). The diversity curve of Thomson (1977) only separates
data into Mississippian and Pennsylvanian bins, and there-
fore lacks the temporal resolution to allow comparison. Dis-
crepancy between the trends in Sallan & Coates (2010),
Patterson (1994) and Blieck (2011) may be due to poor
higher-level taxonomy in actinopterygians. For example,
the highly diverse Bear Gulch fauna likely drives the rise in
actinopterygian diversity in Sallan & Coates (2010), but this
is not captured in higher-level family counts due to the aggre-
gation of genera in broad, ill-defined families. Additionally,
the Serpukhovian decrease in PBDB occurrence data con-
trasts with other studies (e.g. Sallan & Coates, 2010) and 1s,
in part, due to inconsistencies between regional substages
and International Commission on Stratigraphy (ICS) stages.
For example, in the PBDB, Bear Gulch localities are
included in the Bashkirian due to the age range of the
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Fig. 3. Geographic spread of actinopterygian occurrences entered in the Paleobiology Database (PBDB) for the (A) Devonian;
(B) Carboniferous; and (C) Permian.
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Arnsbergian, but more accurately should be placed in the
Serpukhovian.

It is difficult to reconstruct patterns of diversity in the late
Carboniferous due to a lack of compiled occurrence data
across the Pennsylvanian. Sallan & Coates’ (2010) range ends
at the Mississippian, while Romano ¢t al.’s (2016) data begin
in the Asselian. Thomson’s (1977) genus counts decrease
from the Mississippian to the Pennsylvanian, however family
counts of actinopterygians increase from the Serpukhovian to
the Bashkirian (Patterson, 1994; Blieck, 2011). For the
Moscovian—Gzhelian the only data for actinopterygians are
the family counts derived from Benton (1993); these show
gradual decreases from the Bashkirian to the Moscovian,
and again from the Moscovian to plateau in the Kasimovian
and Gzhelian (Patterson, 1994; Blieck, 2011). Importantly,
counts of families remain at roughly the same level as they
were in the Tournaisian and Visean. Counts of osteichthyan
genera are not discernible for this period in Friedman & Sal-
lan (2012: fig. 2), and there are no Kasimovian or Gzhelian
occurrences 1in the British fossil record (Lloyd &
Friedman, 2013). Counts of genera in the PBDB decrease
throughout the Pennsylvanian (Fig. 2), although this also
appears to be a result of low data entry: Pennsylvanian PBDB
actinopterygian occurrences derive from important localities
for other groups [e.g. Linton for early tetrapods (Hook &
Baird, 1986); Mazon Creek for arthropods (Clements,
Purnell & Gabbott, 2019)].

Reported overall trends in actinopterygian diversity in the
Carboniferous are consequently unclear. Genus-level counts
are suggestive of a gradual rise throughout the Mississippian
(Sallan & Coates, 2010), with a subsequent drop in the
Pennsylvanian (Thomson, 1977). This contrasts with family
counts, which are relatively stable except for minor devia-
tions in the Serpukhovian and Bashkirian.

(4) Permian diversity patterns

Genus- and family-level counts in previous studies agree on
the general trend of actinopterygian diversity in the Permian,
although differ at finer timescales. The highest counts are
observed in the early Permian in curves derived from Ben-
ton’s (1993) dataset (Patterson, 1994; Blieck, 2011) and
Thomson’s (1977) genus-level data. Occurrence-based data-
sets also show a peak in the early Permian, although limited
to the Asselian and Sakmarian, likely driven by freshwater
Lagerstitte (Romano et al., 2016). However, very few early
Permian occurrences of actinopterygians have been entered
into the PBDB (Fig. 2), although the geographic spread of
occurrences in the Permian PBDB is substantially greater
than the Devonian or Carboniferous (Fig. 3C). Genus- and
family-level trends deviate from one another in the Artins-
kian: the family curve stays more or less stable, whereas genus
richness decreases substantially. Family-level counts drop in
the Kungurian and remain roughly at this level, with minor
fluctuations, until the end-Permian. Genus richness in
Thomson’s (1977) curves for ‘chondrosteans’ drop in the
middle Permian and rise slightly in the late Permian; the late
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Permian also sees the first appearance of holosteans. Counts
in the finer-scale dataset of Romano et al. (2016) rise gradu-
ally from the Roadian-Wuchiapingian, reaching close to
early Permian levels before dropping in the Changhsingian.
Unlike the early Permian, PBDB data closely reflect the
trends of Romano et al. (2016) in large part due to targeted
entry of marine fishes for studies relating to the End-Permian
Mass Extinction (e.g. by Vdzquez & Clapham, 2017). It is
clear, however, that the substantial freshwater actinoptery-
gian fossil record from the late Carboniferous-early Permian
(Beltan, 1978, 1981; Forey & Young, 1985; Murray, 2000;
Soler-Gijon & Moratalla, 2001; Evans, 2005; Stamberg &
Zajic, 2008; Simiinek & Cleal, 2020) has not yet been entered
into the PBDB.

While previous studies have established a broad under-
standing of general diversity trends in the Palaeozoic, pat-
terns differ depending on the taxonomic level and
geological scale investigated, and there has not yet been a
through-Palaecozoic study focussing solely on actinoptery-
glans. At present, publicly available occurrence databases
lack the level of detail required for reconstructing long-term
diversity through the Palaeozoic, necessitating the collation
of occurrences spanning the Palacozoic.

III. MATERIALS AND METHODS

(1) Data preparation

Global occurrences of Palacozoic Actinopterygii were com-
piled from the published literature. Taxonomically indeter-
minate occurrences (i.e. those that could not be confidently
assigned to a valid genus or species) were excluded, as were
occurrences represented solely by scales or teeth (i.e. only
body fossils were retained). The cleaned dataset comprises
1611 occurrences, representing 468 species belonging to
225 genera, from 507 unique geographic locations. We rec-
ognise that databases compiled from the published literature
are subject to bias (Alroy, 2010a,b,¢; Clapham et al., 2016;
Close et al., 2018), however collating and examining occur-
rences present in the literature provides a foundation upon
which to build. The database includes taxon identity, locality
name, locality coordinates, stratigraphy, region and country,
age (ICS stage and regional substage), authority naming the
taxon and the year the species was described. These data
are available as online supporting information (Table S1)
and are in the process of being uploaded to the PBDB.

(2) Occurrence data

The length of stratigraphic stages drastically differs within the
Palacozoic. For example, the Kasimovian is 3.3 million years
(Myr) in length, compared to the 15.8 Myr long Visean.
As the length of intervals may impact richness trends
(Raup, 1972; Smith & McGowan, 2011), occurrence data
were placed in composite intervals of roughly equal length
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(~9 Myr) intervals following Close et al. (2017, 2020a,b), as
well as in standard stratigraphic stages (Lochkovian—
Changhsingian). In order to form equal length intervals,
some stratigraphic stages were combined (e.g. the Kasimo-
vian and Gzhelian) and others were split (e.g. the Visean)
(Table S2). Interval ranges were updated to reflect most
recent stage boundaries according to the ICS (Cohen,
Harper & Gibbard, 2021). Equal-length intervals were com-
pared with standard stratigraphic stages to obtain an indica-
tion of the effect of interval length on diversity counts.

Face-value (=raw, uncorrected, or observed) genus and
species richness at ‘global’ scales are presented with the
proviso that face-value diversity counts may be highly
misleading. While ‘global’ curves likely represent the
extent of spatial sampling rather than global palaecodiversity
(Close et al., 2017, 2020a,b), face-value richness counts
allow for comparison with previous diversity curves
(e.g. Thomson, 1977; Sallan & Coates, 2010; Romano
et al., 2016) and for an initial exploration of gross Palacozoic
actinopterygian diversity. ‘Global’ (gamma scale) face-value
richness curves were computed using sampled-in-bin counts
of occurrences. Counts of geographic localities and
geological units (unique formations, members, groups, etc.)
were used to provide an indication of sampling effort.
Occupied equal-area grid cells, i.e. the number of 50 km®
cells on a global map (constructed using the dggrndR
R package; Barnes, 2021) that contained unique localities,
were calculated as a further measure of sampling. Localities
were plotted on a modern world map to show the scope of
present-day sampling.

Linear regressions were conducted to investigate the rela-
tionship between counts of taxa and various sampling metrics
(localities, formations and equal-area grid cells), as well as
with sea level through time (data from Hannisdal &
Peters, 2011). All analyses were conducted within R 4.1.0
(R Core Team, 2020).

(3) Collector’s curves

We extracted taxonomic identity, country, authority naming
the taxon and the year the species was described from the
occurrence database, resulting in a total of 516 species. Col-
lector’s curves showing cumulative counts of the total num-
ber of species described through time globally and within
the UK were then plotted.

IV. RESULTS

(1) Occurrence data

Opverall diversity trends in the equal length genus-level, raw
occurrence dataset are hard to discern (Fig. 4A), but genus
richness is highest during the late Permian (Lopingian;
Wuchiapingian) and mid-Carboniferous (Serpukhovian).
The lowest levels are seen in the Devonian: only a single
taxon is identified in the Lochkovian (Lu e al., 2016), and,
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aside from contentious scale-based taxa, no ray-finned fish
are known from Pragian or Emsian deposits. Richness
increases marginally from the Eifelian and Givetian to the
Frasnian, remaining flat in the Famennian. Counts increase
substantially from the Famennian to the Tournaisian, before
decreasing dramatically in the early Visean (Chadian-Holkerian)
and rising in the late Visean (Asbian—Brigantian). A peak in the
Serpukhovian is followed by a decrease in counts in the Bashkir-
ian and Moscovian and another modest rise across the
Carboniferous-Permian boundary. A large decrease in the
Artinskian sees raw genus counts return to late Devonian levels.
Counts increase again from the Artinskian trough to the Wor-
dian, followed by a fall in the Capitanian and final peak in the
Lopingian.

Raw species richness broadly follows the same pattern,
though with some notable departures (Fig. 4B). The highest
species counts are in the late Visean (Asbian—Brigantian) and
Serpukhovian, although are only marginally lower in the
Lopingian (Wuchiapingian and Changsinghian) and earliest
Permian (Asselian and Sakmarian). In contrast to patterns of
genus richness, species richness decreases slightly from the
Middle to the Late Devonian. Furthermore, Kasimovian
and Gzhelian species richness is lower than the Moscovian,
meaning that, unlike in the raw genus counts, richness notice-
ably increases across the Garboniferous to Permian boundary.

Comparison of counts of taxa in roughly equal-length
stages with counts in ICS stages shows that the choice of sam-
pling interval strongly influences richness trends (Figs 4 and 5).
Devonian trends for genus and species richness are similar
(Fig. 5A), however trends in the early Carboniferous and
Permian differ, with ICS stage counts instead largely resem-
bling (as expected) previous studies analysing these periods
(e.g. Sallan & Coates, 2010; Romano et al., 2016). Genus
richness is highest in the Serpukhovian, however a notable
departure from previous hypotheses is the Tournaisian
peak in genus richness followed by a drop in the Visean.
This results from a discrepancy in the age of the diverse
Waaipoort Formation: previous work counted these
deposits as Visean (Sallan & Coates, 2010), suggesting a
gradual rise in richness through the Mississippian, while recent
studies shift the age back to the Tournaisian (Lakin et al., 2016),
in turn altering Mississippian richness trends. There is then a
general decline throughout the Pennsylvanian that reaches a
trough in the final interval of the Carboniferous, the Gzhelian
(Fig. 5A). Richness then decreases in the Asselian and rises
in the Sakmarian before a drop in the Artinskian (the lowest
count of genera throughout the Carboniferous and Perm-
1an). Genus richness fluctuates through the Kungurian
(increase from Artinskian), Roadian (decrease from Kun-
gurian), Wordian (increase from Roadian), Capitanian
(decrease from Wordian), Wuchiapingian (increase from
Capitanian) and Changhsingian (decrease from Wuchia-
pingian); these trends are broadly similar to Romano et al.
(2016). Species richness trends are generally the same (albeit
exaggerated) as those of genus richness, excepting the
Visean, which becomes the most speciose interval of the
Palaeozoic (Fig. 5B).
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Face-value richness at both genus and species level closely
tracks proxies for sampling effort; where the number of
localities, formations and equal-area grid cells are high,
richness is also high (Fig. 4). Notable exceptions to this trend
are the Eifelian—Givetian and Serpukhovian. Discrepancy
in the Eifelian-Givetian is due to the widespread occur-
rence of Chetrolepis at a time when actinopterygians had very
low relative diversity. In the Serpukhovian, high genus
counts despite a decrease in sampling metrics is a result of
the diverse Bear Gulch fauna (Lund, Greenfest-Allen &
Grogan, 2012). In addition, three large peaks in counts of
localities in the late Visean, Kasimovian and Gzhelian and
Asselian and Sakmarian are a result of intense sampling of
localised regions with homogenous contemporary faunas
[e.g. Midland Valley of Scotland, Visean (Dineley &
Metcalf, 1999); Boskovice Graben, late Carboniferous and
early  Permian (Stamberg, 2007, étamberg &
Zajic, 2008)], and thus do not correspond with peaks in
genus richness. However, there are species-level richness
counts peaks in the late Visean and Asselian and Sakmarian
(Fig. 4B).

First inspection reveals multiple sources of bias in the
Palacozoic actinopterygian fossil record. The clear differ-
ences between the species- and genus-level curves highlight
issues with problematic ‘waste-basket’ genera containing
vast numbers of species, while overall face-value richness
appears to track sampling metrics. Regressions (Fig. S1)
show that genus richness positively correlates with number
of localities (R* = 0.47, p = 0.003, Fig. S1A), stratigraphic
units (R* = 0.34, p = 0.019, Fig. S1B) and occupied equal-
area grid cells (R* = 0.39, p = 0.009, Fig. S1C). Removing
the highly diverse Bear Gulch and Glencartholm assem-
blages strengthens these relationships. As expected, interval
length does not correlate with richness when using roughly
equal-length intervals (R =0.16, p = 0.128, Fig. S1D).
Opverall genus richness also significantly correlates with sea
level (R = 0.47, p = 0.003, Fig. S1E). This relationship per-
sists when analysing isolated counts of freshwater genera
(R* = 0.44, p = 0.005, Fig. S1F), although counts of marine
genera do not significantly correlate with sea level
(R* = 0.15, p = 0.135, Fig. S1G). This significant correla-
tion, with both overall genera and freshwater genera, disap-
pears when the Devonian stages are removed (R® = 0.14,

4 =0.205, Fig. SIH; R? = 0.20, p = 0.129, Fig. S1I).

(2) Distribution of Palaeozoic actinopterygians

A global map of occurrences gives a broad overview of the
distribution of actinopterygian localities through the Devo-
nian, Carboniferous and Permian (Fig. 6), showing that
published occurrences are overwhelmingly located in
Europe and North America. Here we break down the
global data in order to () understand better the distribu-
tions of actinopterygians through the Palacozoic and (b)
identify widespread taxa or regions that share taxonomic
affinities.
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(@) United Kingdom and the Republic of Ireland

Eifelian and Givetian occurrences in the well-known
Orcadian basin precede a nearly continuous Garboniferous
record of actinopterygians in the British Isles, which persists
until the end of the Moscovian. This is followed by a total lack
of occurrences until the extensively sampled Wuchiapingian
deposits of the Raisby and Marl Slate Formations
(Westoll, 1934, 19415).

The earliest Devonian taxon from this region, Cheirolepis from
the Eifelian of Scotland (Pearson & Westoll, 1979), is also pre-
sent in North America (Arratia & Cloutier, 1996, 2004), the
Baltic (Mark-Kurik, 2000) and Spitsbergen (Newman
etal., 2021), while Stegotrachelus (Givetian; Swartz, 2009) may also
occur in central Europe (Qrvig, 1960). Some Tournaisian acti-
nopterygians in the British Isles are present at other isolated
Northern Hemisphere localities, for example in the Tournaisian
of Russia (Lebedev, 1996) and Serpukhovian of the USA
(Lowney, 1980). However, by far the most common
genera throughout the Carboniferous are ‘Elonichthys and
Rhadimichthys, which are also geographically widespread
(Fig. 7C, G). While there are some endemic genera that
are locally widespread and present at many localities
[e.g. Eurynotus, Nematoptychius (I'raquair, 1908; Moy-Thomas &
Dyne, 1938; Iriedman ¢ al., 2018)], the other most common
Carboniferous occurrences in British and Irish deposits are of
globally distributed genera (Platysomus, Palaoniscum, Acrolepis,
Fig. 7A, E, F). The late Permian fish fauna (Marl Slate and
Raisby Formations) is very similar to that of contemporary Ger-
man deposits (Kupferschiefer and Zechstein Formations;
Westoll, 1941a).

(b) Western Europe

In Western Europe, isolated occurrences in the Frasnian,
Famennian, Tournaisian, Visean, Serpukhovian and
Bashkirian precede more considerable numbers of occur-
rences in the Kasimovian, Asselian and Sakmarian (Fig. 6).
These late Carboniferous and early Permian Western
European localities yield taxa that are shared with contem-
porary central European deposits, including Paramblypterus,
‘Elonichthys’,  Progyrolepis,  Bourbonnella  and — Aeduella
(Stamberg, 2006; Stamberg & Zajic, 2008). Of these genera,
Bourbonnella and Progyrolepis are also present in the USA
(Dunkle, 1946; Dalquest & Kocurko, 1988; Mickle, 2011),
while numerous other genera found in Western Europe are
also widespread: Cheirodus (Bashkirian, France; Derycke,
Cloutier & Candilier, 1995) also occurs in the UK (Visean—
Bashkirian; Traquair, 1890); Gonatodus (Visean, Belgium) in
the UK (Gardiner, 1967) and USA (Hannibal, 2020); Meso-
nichthys (Serpukhovian, France; Derycke et al., 1995) in the
UK (Bashkirian; Elliott, 2016) and Uruguay (early Permian;
Beltan, 1978); Pygopterus (Bashkirian, Belgium; Derycke
etal., 1995) in Germany, Greenland and the UK [all Wuchia-
pingian (King, 1850; Woodward, 1891; Aldinger, 1937;
Holzapfel & Malzahn, 1984; Diedrich, 2009; Hosgor &

Stamberg, 2014)]; and  Rhadinichthys ~ (Serpukhovian,
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Belgium; Derycke et al., 1993) is present across the globe
(Fig. 7G).

(¢) Central Europe

Devonian occurrences in Germany and Poland (Givetian—
Frasnian) represent the earliest in Central Europe, with a
subsequent gap encompassing the entirety of the early Car-
boniferous. Actinopterygians later occur in the Moscovian,
Kasimovian and Gzhelian, with particularly large numbers
of occurrences in the latter two stages (largely in Czechia,
with a few occurrences in the Gzhelian of Germany
(Stamberg & Zajic, 2008; Schindler, 20184)]. The early
Permian of Czechia and Germany are also extensively sam-
pled. Isolated Artinskian and Kungurian occurrences pre-
cede a hiatus until the considerable counts in the
Wuchiapingian of Germany, stemming from the famous
Kupferschiefer and Zechstein Formations. In total these
deposits contribute a reasonable number of genera to the
global count.

Two Devonian genera (Moythomasia, Rhadinichthys) are
present at numerous localities globally (Fig. 7D, G),
although the third, Stegotrachelus, is only present in the Give-
tian of Scotland (Swartz, 2009). ‘Elonichthys’, Palaconiscum,
Amblypterus and Acrolepis, all of which have notably global
distributions (Fig. 7A-C, E), comprise a large number of
occurrences in Central Europe. Intense sampling of
Central European deposits has resulted in abundant occur-
rences of locally widespread taxa. Many of these taxa are
endemic to the region [Spinarichthys, Rhabdolepis, Zaborichthys
(Stamberg, 1991, 2016a; Stamberg & Zajic, 2008;
Schindler, 20185)], and others occur at isolated localities
outside Central Europe (e.g. Sphaerolepis, USA; Olson, 1967)
or in the broader palacogeographic region encompassing
present-day Europe and North America (e.g. Aeduella,
Bourbonnella, Paramblypterus, Progyrolepis, Pygopterus).

(d) Eastern Europe

Actinopterygians are reported from the Eifelian, Givetian,
Frasnian Famennian and Tournaisian of Eastern Europe
and European Russia. Occurrences are absent from the
remainder of the Carboniferous, and only a single Kungur-
ian occurrence is known. In stark contrast, the middle and
late Permian of Russia are heavily sampled, with numerous
occurrences in the Roadian, Wordian, Capitanian and
Wuchiapingian.

Devonian occurrences yield the globally distributed Cheir-
olepis Mark-Kurik, 2000) and Moythomasia (Fig. 7D; Sallan &
Coates, 2010) for the most part, with only a single endemic
genus, Rrasnoyarichthys (Prokofiev, 2002). Widespread genera
are also present in the Tournaisian [e.g. ‘Elonichthys’, Rhadi-
nichthys: Fig. 7C, G (Alekseev et al., 1994; Yankevich &
Minikh, 1998; Golubev, 2001; Minikh & Minikh, 2009;
Minikh, Minikh & Yankevich, 2016)], albeit alongside a
notable number of unique genera [e.g. Oxypteriscus, Minis-
trella, Palaeobergia (Berg, 1958; Matveeva, 1958)]. A small
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number of genera are in common with the Tournaisian of
the UK (Aetheretmon, Strepheoschema; Lebedev, 1996) and
Siberian Russia (Ganolepis, Grassator; Lebedev, 1996).

Similarly, the middle Permian occurrences range on a
spectrum from endemic to widespread genera. Platysomus
has the highest number of occurrences (Fig. 7F), and Acrolepis
and Palacomiscum (Fig. 7A, E; Golubev, 2001; Tverdokhlebov
et al., 2005; Minikh & Minikh, 2009; Nurgaliev, Silantiev &
Nikolaeva, 2015; Bakaev & Kogan, 2020) are also common.
Varialepts and Alilepis are present in contemporary middle
Permian deposits from the USA (Ivanov, Nestell &
Nestell, 2013; Ivanov et al., 2020) while other frequently
occurring genera are endemic and span multiple stages
(e.g. Toyenua, Isadia, Geryonichthys, Rargalichthys; Tverdokhle-
bov et al., 2005).

(e) North America

Relatively few actinopterygians occur in the Devonian of
North America, with limited occurrences in the Givetian,
Frasnian and Famennian. Tournaisian occurrences predom-
inantly derive from Canada [comprising an assortment of
globally widespread genera such as Acrolepis, ‘Elonichthys’,
and Rhadimichthys: Fig. 7A, C, G (Rygel e al., 2006;
Mickle, 2017)]. Visean localities are rare. By contrast, the
Serpukhovian is highly diverse, although all but one of the
Serpukhovian occurrences are from Bear Gulch deposits
(Weems & Windolph, 1986). There are occurrences through-
out the Pennsylvanian, however the majority occur in the
Moscovian  [Mazon and Yellow Creek localities
(Newberry, 1856; Schultze & Bardack, 1987)].

Occurrences are limited throughout the early and middle
Permian, mirroring the overall Palacozoic actinopterygian
record. There are no late Permian occurrences in conti-
nental North America, although Wuchiapingian deposits
containing actinopterygians are present in Greenland
(Aldinger, 1937). ‘Elonichthys’, Platysomus and Palaeoniscum
comprise three of the four most abundantly occurring genera
in North America. In addition, the collective occurrences of
these genera in North America range from the earliest
Carboniferous to the end-Permian proving them not only
geographically (Fig. 7C, E, F) but temporally widespread.
However, Rhadinichthys and Acrolepis are more restricted tem-
porally in North America than their other global occurrences
(Fig. 7A, G). The overwhelming majority of Bear Gulch taxa
— the source of most of North American actinopterygian
diversity — are endemic to the locality, although a small num-
ber of genera are present elsewhere [e.g. Mesopoma and
Phanerosteon (Traquair, 1881; White, 1927; Moy-Thomas &
Dyne, 1938; Moy-Thomas, 1938; Gardiner, 1985)]. More
broadly, actinopterygian genera from North America are
also present in numerous European deposits: Alilepis
(Russia; Minikh e al., 2016), Bourbonnella [Czechia, France,
Spain (Heyler, 1977; Soler-Gijén & Moratalla, 2001;
Stamberg, 2007)], Parahaplolepis (UK; Elliott, 2014, 2016),
Progyrolepis [Czechia, Spain, France (Forey & Young, 1985;
Heyler, 2000; Soler-Gijén & Moratalla, 2001; Stamberg &
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Zajic, 2008)], Pyritocephalus [Czechia, UK (Stamberg, 1991; (f) Africa
Elliott, 2014)], Sphaerolepis  (Czechia;  Stamberg & African occurrences predominantly derive from South African

Zajic, 2008) and Varialepis (Russia; Nurgaliev ¢t al., 2015). deposits, with a scattering of contributions from Namibia and
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Zimbabwe. These sparse occurrences are separated by large
temporal gaps: actinopterygians are only reported from the
Tournaisian, Gzhelian (or Asselian, age is uncertain;
Murray, 2000), Artinskian, Capitanian and Changhsingian
(Fig. 6). The diverse Tournaisian fauna of the Waaipoort For-
mation is endemic, with no taxa found at any other Palacozoic
locality (Gardiner, 1969; Evans, 2005). Indeed, the majority of
African taxa are endemic [Gzhelian-Changhsingian,
e.g. Namawchthys (Giirich, 1923; Murray, 2000); Changhsingian,
e.g. Bethesdaichthys and Kompasia (Bender, 2001, 2004)], although
they are occasionally accompanied by widespread genera such
as Palaeomiscum [ Changhsingian, P. bainii (Egerton, 1856); Artins-
kian, P. capensis (Murray, 2000; Evans, 2005)], ‘Elonichthys
(E. whaitsi; Jubb & Gardiner, 1975), Acrolepis (Gzhelian or Asse-
lian, 4. sp.; Murray, 2000) and Platysomus (Artinskian, P. sp.;
Evans, 2005) (Fig. 7A, G, E, V). Watsonuchthys (a genus present
in Visean and Serpukhovian deposits of Scotland) is also
reported in the Gzhelian (or Asselian) and Artinskian of south-
ern Africa (Jubb & Gardiner, 1975; Evans, 2005).

(9) Asia

Despite the earliest actinopterygian occurring in the Devo-
nian (Lochkovian) of China (Lu et al., 2016), actinopterygians
subsequently only occur in China in the Bashkirian
(Lu, 2002) and late Permian (Wang et al, 2007). Other
central and eastern Asian occurrences partially populate this
gap: Famennian and Tournaisian occurrences are present in
Siberia, while deposits from eastern Kazakhstan (most nota-
bly those of the Kalyn-Kara; Kazantseva-Selezneva, 1980,
1981) yield actinopterygians from the late Carboniferous
and early Permian. Some indeterminate actinopterygians
also occur in the Devonian of South East Asia (Wang,
Qu & Zhu, 2010). Together, these occurrences constitute a
low proportion of global counts of genera. None of the taxa
present in these regions, with one exception [Saurichthys,
found in both late Permian Chinese and Russian deposits
(Liu & Wei, 1988; Tverdokhlebov et al., 2005; Minikh &
Minikh, 2009)], are found in any other Palacozoic locality
or time stage.

By contrast, occurrences in the Famennian, Tournai-
sian and Capitanian of the Middle East [Iran and Turkey
(Hampe ¢t al., 2013; Hosgor & Stamberg, 2014)] and Mid-
dle Permian of South Asia (India; Bandyopadhyay, 1999)
yield a small number of genera (Amblypterus, Canobius,
Moythomasia, Palaconiscum, Pygopterus, and Rhadinichthys), all
of which are found in numerous other regions of the world

(Fig. 7).

(h) South America

Until recently, taxonomically determinate occurrences of
Palacozoic actinopterygians in South America were
restricted to the Permian. The recent discovery of an acti-
nopterygian from the Middle Devonian of Brazil
(Figueroa et al., 2021) extends the record back some 83 mil-
lion years (excluding indeterminate late Devonian
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occurrences; Arratia & Cione, 1996), resulting in a sub-
stantial occurrence gap. South American actinopterygians
occur throughout the Permian, yet apart from the diverse
Rio Negro (San Gregorio Formation) fauna from Uruguay
(Beltan, 1978), these occurrences stem from a few dispa-
rate, isolated localities, and produce comparatively low
numbers of genera.

The vast majority of South America taxa are endemic to the
region, with some notable exceptions. The Rio Negro fauna
contains species of two very common genera — Rhadinichthys
(R. riomger) and ‘Elonichthys’ (‘E.” macropercularis) [Fig. 7C, G
(Beltan, 1978; Cione et al., 2010)] — as well as less-common
genera that are nonetheless also present in more fully sampled
regions. Mesonwchthys (M. antipodeus from Rio Negro) is also pre-
sent in the Carboniferous (Serpukhovian-Moscovian) of
Belgium and the UK (Derycke et al., 1995; Elliott, 2016),
and Coccocephalichthys (C. tesselatus from Rio Negro) is present
in both the UK (Bashkirian; Poplin & Véran, 1996) and
USA (Gzhelian; Poplin, 1974).

() Oceamia

The only occurrences from Oceania are from Australia,
where actinopterygians are present in the Devonian [Give-
tian and Frasnian (Long, 1988; Long & Trinajstic, 2010)]
and early Carboniferous [Tournaisian and Visean
(Long, 1988; Holland et al., 2006)], followed by a ~65 Myr
gap until the mid-late Permian [Capitanian, Wuchiapingian
and Changhsingian (Woodward, 1931; Campbell &
Phuoc, 1983)]. Relatively few genera comprise these occur-
rences, the majority of which are endemic (e.g. Mimipiscis,
Ebenaqua, Mansfieldiscus), although there are also occurrences
of the widespread genera Moythomasia (M. durgaringa) and * Elo-
nichthys’ (‘E.” davidi) (Fig. 7C, D). Notably, the Frasnian is the
most diverse stage due to the Gogo Formation localities,
which yield nearly as many genera as the remainder of the
Palaeozoic occurrences.

(3) Collector’s curves

We compiled collector’s curves for Palaeozoic actinoptery-
glans to examine whether the asymptote observed by Lloyd &
Friedman (2013) for the British fossil fish record is upheld
when restricted to Palacozoic actinopterygians and is
extended beyond Great Britain. An asymptote 1s observed
when considering Palacozoic actinopterygians from the
British Isles (Fig. 8). The number of described taxa starts to
plateau in the late 19th century, largely due to the founda-
tional monographic descriptions of Agassiz (1833) and
Traquair (18775). A slight increase in recent years indicates
a resurgence of interest focussed around computed tomogra-
phy (CT)-based redescriptions and taxonomic splitting of
classic taxa held in museums (e.g. Coates & Tietjen, 2018),
as well as new collection and local taxonomic reviews
(e.g. Elliott, 2014, 2016). While unlikely to alter large-scale
diversity patterns (Lloyd & Friedman, 2013) this uptick is sug-
gestive of further hidden diversity in the fossil record of
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Palacozoic actinopterygians in Great Britain, particularly
with regard to redescription of material that has been
untouched since the 19th and early 20th century.

The global collector’s curve, however, presents a very dif-
ferent trend (Fig. 8). During the 19th century, the global
curve roughly tracks that of the British curve, albeit with
slightly higher cumulative counts. This is in part due to the
works of Agassiz (1833) and Traquair (1877a,b), who also
described actinopterygians from Belgium, France and
Germany, with other important contributions from the
USA and Europe (e.g. Newberry, 1856; Hancock &
Atthey, 1872; Fri¢, 1879). Throughout the 20th century,
however, the global curve departs from the British curve,
continuing to rise steadily. Part of this can be traced to signif-
icant contributions from Aldinger (1937) and Gardiner
(1969), who described new taxa from Greenland and
South Africa, respectively. From the late 1960s the global
collector’s curve accelerates at a faster and steadier rate than
at any time previously, corroborating statements that the fos-
sil record of Palaeozoic actinopterygians is undersampled
(Sallan & Coates, 2010).

This accelerated rate of descriptions is a combined result of
a  steady  description of isolated  occurrences
(e.g. Daeschler, 2000; Prokofiev, 2002; Friedman &
Blom, 2006; Long, Choo & Young, 2008; Mickle &
Bader, 2009; Mickle, 2011, 2017, 2018; Choo, 2015; Giles
et al., 2015; Figueroa et al., 2021; Newman et al., 2021;

Stamberg & Steyer, 2021) as well as descriptions of new,
diverse, highly productive fish faunas such as Bear Gulch
(Lowney, 1980; Lund & Poplin, 1997; Lund, 2000; Poplin &
Lund, 2000; Mickle, Lund & Grogan, 2009; Grogan &
Lund, 2015), Mazon Creek (Schultze & Bardack, 1987), the
Waaipoort Formation (Gardiner, 1969), Rio Negro
(Beltan, 1989), Kalyn-Kara (Kazantseva-Selezneva, 1981)
and the Gogo Formation (Gardiner & Bartram, 1977; Choo,
Long & Trinajstic, 2009; Choo et al., 2019; Choo, 2012).

A geographical breakdown of the regions yielding new acti-
nopterygian genera and localities reveals that Europe and
North America are the most intensely sampled regions in the
Palaeozoic actinopterygian fossil record. New European fishes
account for the largest increase in descriptions in the last three
decades, while contributions from North America are also
increasing, although the mechanisms differ between Europe
and North America. For example, increased sampling of multi-
ple localities has contributed to the rising rate of new descrip-
tions from Europe. Extensive work in Central Europe
(Stamberg, 2007, 2010, 2013, 201646, 2021; Stamberg &
Zajic, 2008; Choo, 2015) and European Russia
(Minikh, 1992, 1998; Esin, 1993; Yankevich & Minikh, 1998;
Minikh & Minikh, 2009; Minikh e al, 2016; Bakaev &
Kogan, 2020) in recent years is responsible for the increase from
these regions (Fig. 8). Actinopterygians are also being described
from new British (Elliott, 2016) and Western European (Giles
e al., 2015; Stamberg & Steyer, 2021) deposits. By contrast,
the majority of new species from North America stem from
focussed efforts on well-known localities, such as Bear Gulch
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(Lowney, 1980; Lund & Melton, 1982; Lund & Poplin, 1997,
1999; Lund, 2000; Poplin & Lund, 2000, 2002; Mickle
et al., 2009; Grogan & Lund, 2015), Kinney Brick Quarry
(Gottfried, 1987, 1992; Bardack, 1992; Zidek, 1992;
Williams & Lucas, 2013; Stack ¢ al., 2021), and Mazon Creek
(Bardack, 1979; Schultze & Bardack, 1987). Comparatively
few taxa derive from more depauperate localities
(Mickle, 2017, 2018; Wilson, Pardo & Anderson, 2018).

While historically understudied regions are producing new
taxa, sampling and descriptions from well-sampled regions are
still outpacing them. The relative proportion of descriptions
from African deposits has decreased, as except for a handful
of taxa from the Beaufort Group (e.g. Bender, 2001, 2002,
2004, 2005), no taxa have been described since the mid-20th
century (Gardiner, 1969). New fishes from Siberia
(Kazantseva-Selezneva, 1980) and Kazakhstan (Kazantseva-
Selezneva, 1981) boost counts of taxa from Asia in the late-
20th century, with new descriptions published steadily in subse-
quent years (Poplin et al., 1991; Prokofiev, 2002, 2005; Zhu
et al., 2006; Wang ¢t al., 2007). Descriptions from South Amer-
ica follow a similar pattern, with an early burst (Beltan, 1978)
followed by irregular but sustained contributions
(Malabarba, 1988; Beltan, 1989; Cox & Hutchinson, 1991;
Richter & Breitkreuz, 1997; Martha, 2002; Figueiredo &
Carvalho, 2004; Hamel, 2005; Dias, 2012; TFigueroa
et al., 2021), notably from the Parana Basin of Brazil (Cox &
Hutchinson, 1991; Figueiredo &  Carvalho, 2004
Hamel, 2005; Dias, 2012). Descriptions from Oceania [com-
prised exclusively of Australian fishes (Woodward, 1931,
1940; Gardiner & Bartram, 1977; Campbell & Phuoc, 1983;
Long, 1988; Choo ¢ al., 2009, 2019; Choo, 2012)] consistently
comprise a very small proportion of the global collector’s curve.

New actinopterygian taxa are being erected both from
newly discovered deposits and through revisiting and revising
existing museum collections. It is likely that further diversity
1s hiding in the extensive collections of museums in histori-
cally well-sampled regions (e.g. Natural History Museum,
London; American Museum of Natural History, New York
City) — Mickle (2017) notes hundreds of specimens of three
early Carboniferous genera in North American museums.
Notably, museum collections will be crucial in augmenting
occurrence data, as they likely contain vastly more unique
localities than are recorded in the primary literature
(by over an order of magnitude; Marshall et al., 2018). In
parallel, sampling of new localities in underrepresented
regions is likely to yield new taxa as the sampling universe
expands (Raup, 1972; Close et al., 2018). The widespread
adoption of C'T' scanning will continue to facilitate valuable
redescriptions and taxonomic revisions of such material and
remains an important avenue for research (Giles &
Friedman, 2014; Giles et al., 2015, 2017; Pradel ¢t al., 2016;
Coates & Tietjen, 2018; Friedman et al, 2018; Argyriou
et al., 2018; Figueroa, Friedman & Gallo, 2019). Both new
exploration and revisiting museum collections will be impor-
tant in increasing our understanding of Palacozoic
actinopterygians.
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Fig. 8. Collector’s curve of the global Palacozoic actinopterygian fossil record, divided by present-day geographic region.

V. CHALLENGES TO DECIPHERING THE
PALAEOZOIC ACTINOPTERYGIAN FOSSIL
RECORD ACCURATELY

(1) Fossil record biases

A major obstacle to interpreting the evolution of Palacozoic
actinopterygians accurately is the various forms of biases that
pervade their fossil record, which are related to geological,
geographic, and anthropogenic factors. Investigations into
the effect of geological, spatial and taphonomic biases on
the actinopterygian fossil record are in their infancy, and
the extent to which observed patterns of diversity are driven
by biases is far from understood. Previous studies posit that
changes in richness of the fossil fish record through time likely
represent changes in sampling (Friedman & Sallan, 2012).
Furthermore, the number of occupied grid cells has been
suggested as the best proxy for explaining the richness of all
fishes in the fossil record of Great Britain, although osteichth-
yan richness does not correlate with any proxy (Lloyd &
Friedman, 2013). Actinopterygian richness in the Palacozoic,
however, tracks sampling proxies such as localities, forma-
tions and equal-area grid cells (Fig. 4). A common suggestion

in the literature is that the late Palacozoic record is poorly
sampled, particularly in terms of marine deposits, and that
this leads to low levels of diversity (Hurley ¢t al., 2007; Near
et al., 2012; Broughton et al., 2013). Freshwater occurrences
of actinopterygians dominate much of the Permian
(Romano ¢t al., 2016; Smithwick & Stubbs, 2018) and some
of this skew away from marine deposits may have been linked
to the formation of Pangaea and coincident reductions in
coastline (Friedman & Sallan, 2012). Pinpointing the extent
to which geological, spatial and taphonomic biases drive
the actinopterygian record is a critical next step in under-
standing the evolution of actinopterygians in the Palacozoic.

(a) Geological biases

The extent to which observed patterns of diversity are the
result of rock record biases and correlate with metrics such
as the numbers of formations, rock volume or outcrop area
is the subject of much debate (Benton, 2015). There are three
main hypothesised mechanisms for correlation: () a true bias,
where diversity patterns are truly dependent on the rock
record (Smith, 2001; Peters & Foote, 2001); (i) common
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cause, where another factor such as sea level (and associated
extent of shallow marine sea area and presence of epiconti-
nental seas) drives correlations between the rock and fossil
records (Peters, 2005, 2006; Peters & Heim, 2010, 2011;
Hannisdal & Peters, 2011); and (z) redundancy, where the
effects of sampling on the fossil record and vice versa are redun-
dant (Benton et al., 2011, 2013). Lloyd & Friedman (2013)
reject the common cause hypothesis for fishes of Great Brit-
ain, but the mechanisms acting on the actinopterygian fossil
record remain uncertain. The global actinopterygian fossil
record includes both marine and freshwater components,
which can be further divided into different zones
[e.g. benthic assemblages (Sallan ez al., 2018); open ocean ver-
sus shallow marine (Benson et al., 2010)] that may be subject
to different drivers. For example, non-marine area negatively
correlates with diversity of shallow marine Mesozoic tetra-
pods, while contemporaneous open ocean diversity corre-
lates with fossiliferous formations (Benson et al., 2010). The
diversity of CEuropean marine mammals in the Cenozoic
also does not correlate with rock outcrops (Marx, 2009).
The actinopterygian record therefore represents an interest-
ing test of the relative effects of these hypotheses. Analysis of
actinopterygian richness in regions with adequate macrostra-
tigraphic data (e.g. in North America; Peters, Husson &
Czaplewski, 2018) may help to constrain the effect of geolog-
ical biases acting on the Palacozoic record. Richness in the
Palacozoic certainly correlates with geological proxies for
sampling metrics (Figs 4 and Sl1), although the extent to
which spatial bias impacts all of these metrics (including rich-
ness) is important to consider.

(b) Geographic and spatial biases

Europe and North America are the most intensely sampled
regions in the marine animal fossil record (Close
etal., 20200). The vast majority of Palacozoic actinopterygian
occurrences are also from Europe and North America
(Fig. 6), with important, although limited, occurrences from
South America, Australia and Africa: this distribution is likely
due to sampling intensity rather than true diversity. Sampling
in the Devonian (Fig. 6A) and Carboniferous (Fig. 6B) is
more restricted than the Permian (Fig. 6C), which may result
from researcher biases towards the end-Permian mass extinc-
tion and the general rise of terrestrial tetrapods. This same
pattern is seen in terrestrial vertebrates of the same age
(e.g. Dunne et al., 2018). Bias towards Europe and North
America harks back to the early descriptions of actinoptery-
gians (particularly from the UK), which are intimately linked
to extensive mining, extraction and industrialisation of these
regions during the 19th and early 20th centuries
(e.g. Agassiz, 1833; King, 1850; Jackson, 1851). More
broadly, recent work demonstrates just how important
(neo-)colonialism and global socio-economics are as contrib-
uting factors to the global skew in palacontological research
outputs and therefore occurrence data (Raja et al., 2022).
Variation in taxonomic practice can also impact richness
counts depending on the number of researchers working on
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certain groups and time periods, and whether these
researchers are the same for all time periods (Lloyd,
Young & Smith, 20124,b). This variation may contribute to
higher diversity in Europe relative to other continental
regions (Close et al., 20200), although higher diversity is also
likely intimately linked to historical factors and ongoing sci-
entific colonialism (Raja e/ al., 2022).

Spatial biases also have a substantial impact on diversity
trends at global scales due to temporal variability in the fossil
content, fossil quantity, and palacogeographical coverage of
assemblages. The ‘global’ fossil record of any group in fact
consists of occurrences distributed heterogeneously in space
and time (Benson et al., 2016; Close et al., 2017, 2020a,b),
and is better conceptualised as the sum of multiple regional
records with different attributes (Close et al., 2020q). Diversity
curves representing ‘global’ counts of taxa may therefore not
be a true representation of the peaks and troughs in diversity
of a group through time, but instead a combined record of
the regional diversity in sampled areas. The effect of this is
such that changes in diversity through time likely mainly mir-
ror changes in the spatial extent of the group’s fossil record
between sampled intervals (Close ¢t al., 2020a,b). Notably,
the common cause (Peters, 2005, 2006; Peters &
Heim, 2010, 2011; Hannisdal & Peters, 2011) and redun-
dancy (Benton et al., 2011, 2013; Dunhill, Hannisdal &
Benton, 2014; Benton, 2015) hypotheses do not explain this
substantial source of sampling bias (Benson ¢t al., 2016; Close
etal., 2017, 2018, 2019, 2020a).

This is not to say that studies of the ‘global’ fossil record of
specific taxonomic groups are uninformative, only that pat-
terns must be carefully examined and interpreted with the
knowledge that they likely exhibit significant spatial structur-
ing. Diversity at the regional scale will be informative in
determining specific drivers of, and biases in, the diversity sig-
nal (Crampton ¢ al., 2003; Dunbhill ¢t al., 2012, 2013, 2014;
Close et al., 2020a), as will examining differences between
diversity measures (e.g. alpha and beta diversity), which can
also be spatially dependent (Womack, Crampton &
Hannah, 2021).

Different spatial biases acting on the freshwater and
marine records may also variably impact different diversity
estimates, dependent on the attributes of the sampled regions
(Lagomarcino & Miller, 2012). For example, the species—
area effect (Hallam & Wignall, 1999; Peters, 2005, 2007,
Hannisdal & Peters, 2011; Close ¢t al., 20205) may play a role
in levels of marine actinopterygian diversity, linked to
changes in sea level and associated features
(Lagomarcino & Miller, 2012; Jones et al., 2021), whereas
other factors may drive freshwater actinopterygian diversity.
Furthermore, the impacts of spatial and temporal variation
in the establishment and reduction of epeiric seas
(Peters, 2007) and reefs (Kiessling, Simpson & Foote, 2010)
may play a role in determining diversity of actinopterygians
through the Palacozoic. These potential contributing factors
would combine to result in complex drivers of regional het-
erogeneity in the actinopterygian fossil record, that can
now be investigated with occurrence data.
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(¢) Taphonomic biases

Variation in the taphonomy of actinopterygian occurrences
also likely influences interpretations of the Palaeozoic acti-
nopterygian fossil record, but the impact of taphonomic pro-
cesses and biases on this record has not been investigated.
Taphonomic biases not only obscure underlying biological
signals and impact perceived diversity, but likely influence
understanding of other aspects of actinopterygian evolution,
such as the degree of functional disparity or ecospace occupa-
tion (Smithwick & Stubbs, 2018). The effects of detrimental
taphonomic processes varies geographically, between envi-
ronments and with time (Brett, 1995; Zohar et al.,, 2008;
Walker, Dunhill & Benton, 2020), although low-energy,
anoxic environments in which individuals were buried rap-
idly are usually those that best preserve vertebrates,
1.e. Lagerstitten (Pardo, Lennie & Anderson, 2020). Lager-
stitten play more of a role in biasing preservation in the
marine record than the terrestrial (Muscente e al., 2017),
and they clearly influence taxonomic diversity (Benson
et al., 2010; Benson & Butler, 2011; Butler et al., 2011;
Flannery Sutherland et al., 2019).

As with spatial biases, this may result in different preserva-
tional drivers of apparent diversity in the marine and
non-marine Palaeozoic; the majority of Lagerstitten yielding
actinopterygians are indeed marine [e.g. Bear Gulch
(Grogan & Lund, 2002; Lund et al., 2012); Glencartholm
(Schram, 1983; Briges & Gall, 1990); Gogo (Trinajstic,
Briggs & Long, 2022); Kinney Brick Quarry (Lucas, DiMichele &
Allen, 2021); Mazon Creek (Clements e al, 2019)], with
comparatively few non-marine sites (e.g. Montceau-les-Mines;
Perrier & Charbonnier, 2014). Lagerstitten may skew diversity
trends towards specific intervals, however they also provide
unique snapshots of ecosystems in these intervals providing key
information not only on taxonomic diversity, but also relative
abundance within biota. For example, while actinopterygians
were species-poor relative to other vertebrates in the Devonian
(Friedman, 2015), they are relatively abundant in the Gogo
Formation (Trinajstic ¢ al., 2022).

In recent years, literature has emerged on quantifying the
skeletal completeness of the fossil record of various vertebrate
groups using both  character-completeness  metrics
(e.g. Mannion & Upchurch, 2010; Brocklehurst &
Frobisch, 2014; Cashmore et al., 2020) and specimen-based
completeness metrics (e.g. Cleary e al, 2015; Tutin &
Butler, 2017; Driscoll et al., 2019). To date, only one study
has investigated completeness in a group of fishes (Schnetz
et al., 2022), finding that the acanthodian fossil record is com-
prised predominantly of isolated remains and is among the
least complete vertebrate records (measured as skeletal com-
pleteness). Completeness of specimens was significantly
higher in freshwater deposits than marine, in contrast to the
fossil record of marine tetrapod clades, which appears to be
more complete than those of terrestrial tetrapods (Cleary
et al., 2015; Tutin & Butler, 2017; Driscoll et al., 2019).
Higher completeness in marine tetrapods is attributed to
higher sedimentation rates in the marine realm, whereas
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anoxic conditions and low turbulence are suggested to be
responsible for higher freshwater completeness in acantho-
dians (Schnetz ¢t al., 2022). Quantification of the level of skel-
etal completeness in actinopterygians will help determine
whether completeness of the actinopterygian record exhibits
similar traits to the acanthodian or tetrapod records and aid
interpretations of the biases acting on the fossil record, espe-
cially regarding marine versus freshwater fishes.

An additional taphonomic factor that may detrimentally
impact our understanding of the actinopterygian fossil record
1s degree of preservation related to the size of specimens.
There are data to suggest that larger organisms are much
more likely to preserve than smaller organisms
(Benson, 2018; Pardo et al., 2020), while more robust speci-
mens can be associated with higher quality preservation
(Cooper et al., 2006). The extent to which this applies to
aquatic vertebrates is little understood, but this is likely to
be of importance to actinopterygians: Sallan & Galimberti
(2015) suggested that ray-finned fish were small in the after-
math of the EDME. As the early Carboniferous coincides
with the origin of the actinopterygian crown (Giles
et al., 2017), and small ancestors are thought to have seeded
most actinopterygian clades (Romano et al., 2016; Guinot &
Cavin, 2018), a bias against preservation of smaller organ-
isms may contribute to the failure to identify early members
of these radiations. Furthermore, taphonomic factors have
been shown to destroy small actinopterygian bones in partic-
ular (Smith, Stearley & Badgley, 1988) further confounding
our ability to interpret the early actinopterygian fossil record
correctly.

(2) Taxonomic issues

Deep-seated problems with Palacozoic actinopterygian tax-
onomy exacerbate low levels of actinopterygian genus rich-
ness, despite high numbers of species and considerable
morphological variation within these genera. Many genera
from this period have apparently global distributions and
stratigraphic ranges spanning nearly the entirety of the
Carboniferous and Permian (Fig. 7; Gardiner, 1993;
Sepkoski, 2002), which may be an artefact of reduced
researcher effort in this period in favour of earlier Devonian
forms, or later Mesozoic forms (Sallan, 2014). As a result,
many mid-late Palacozoic actinopterygians have not been
the subject of detailed taxonomic work.

Carboniferous and Permian actinopterygians received the
most attention from researchers in the 19th and early 20th
centuries. While much of this work was ground-breaking
and laid the foundations for palaeoichthyology, there are
substantial problems with some outcomes of the research,
notably the existence of wide-ranging, poorly defined genera.
Often, initial descriptions of taxa were brief and erected new
genera with a heavy reliance on the shape of the body
(e.g. deep-bodied, fusiform, slender) and scale morphology
(Agassiz, 1833; Traquair, 1877a, 1879; Moy-Thomas &
Dyne, 1938). This led to poorly defined genus diagnoses,
often containing large numbers of dubiously related species
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— species whose characteristics sometimes even contradicted
generic diagnoses. Some of the most notable problem genera
— also termed ‘waste-baskets’ (Evans, 2005) and ‘trash fish’
(Coates & Tietjen, 2018) — are ‘Elonichthys’ Giebel 1848
(44 species), Rhadinichthys Traquair 1877 (30 species), Platyso-
mus Agassiz 1843 (20 species), Amblypterus Agassiz 1843
(18 species), Palaeoniscum Blainville 1818 (18 species) and Aero-
lepis Agassiz 1843 (14 species) (Mickle, 2017), although
others exhibit similar issues (e.g. Moythomasia Gross 1950).
Higher-level taxonomic groups based on these genera, which
are almost exclusively erected with generic diagnoses
(Sallan, 2014), suffer from the same problems.

In addition to being taxonomically ambiguous, these few
Palacozoic actinopterygian genera likely obscure a significant
proportion of genus-level diversity. Redescriptions and rede-
fined diagnoses are necessary in order to reveal the true taxo-
nomic diversity hiding within these genera. Recently,
Elonichthys was redefined to include just three species
(Schindler, 2018q) from Central European late Carboniferous
and early Permian deposits. Consequently, the temporal and
spatial extent of the genus has been drastically reduced, and
around 50 other nominal species of ‘Elonichthys’, ranging from
the Tournaisian to the Wuchiapingian, are invalid and cur-
rently unaccounted for in genus-level diversity analysis. More
broadly, while apparently widespread by modern continental
configuration (Fig. 6), palacogeographic distributions of prob-
lem genera are more concentrated due to the proximity of
Western Europe and North America in the Palacozoic
(Scotese, 2021). That these regions, where the majority of spe-
cies within problem genera occur (Fig. 7), were geographically
contiguous in the Palacozoic exacerbates the geographic
research bias associated with greater sampling of North Amer-
ica and Europe. Shared presence of numerous groups of acti-
nopterygians [e.g. haplolepids, eurynotiforms, aeduelliforms
(Sallan & Coates, 2013; Elliott, 2014, 2016; Hodnett &
Lucas, 2015)] in present-day North America and Western
Europe provides further evidence of a close link.

In recent years, new anatomical information revealed by
CT scanning has prompted several reinvestigations of the
validity of Palaeozoic taxa. Coates & Tietjen (2018) recently
redescribed a Bashkirian actinopterygian and moved it to
Trawdenia n. gen. This specimen was originally referred to
Mesopoma, a taxon erected by Traquair (1890) in an attempt
to separate species belonging to Canobius and Rhadinichthys.
Traquair subsequently retracted the genus (Traquair, 1912),
before Moy-Thomas & Dyne (1938) restored it (see
Cloates, 1993, 1998; Coates & Tietjen, 2018). Trawdenia exem-
plifies both the root cause of the problem with many Carbon-
iferous and Permian actinopterygian genera — a diagnosis
based on characteristics prevalent in other late Palacozoic acti-
nopterygians and lacking unambiguous synapomorphies —
and also the route to resolving the problem: detailed redescrip-
tion to identify unique characters aided by currently available
technology such as CT scanning. Reinvestigation of Palaco-
zoic material is not simply an exercise in correcting taxonomy,
however. Coates (1999) and Coates & Tietjen’s (2018) work
revealed previously hidden features of the endocast and
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pectoral fin in a specimen that had been known to the litera-
ture for over a century. The case of Trawdenia, as well as others
such as Furynotus crenatus (Friedman et al., 2018) and Brazilichthys
macrognathus (Figueroa et al., 2019), clearly demonstrate that
reinvestigation can reveal not only hidden taxa, but untold
anatomical and ecological diversity.

(3) Phylogenetic issues

Relationships of the four extant actinopterygian clades
(Cladistia, Chondrostei, Holostei, Teleoste1) has reached a
point of consensus through both molecular (e.g. Betancur-R
et al., 2017; Hughes et al., 2018; Dornburg & Near, 2021)
and morphological (e.g. Patterson, 1982; Gardiner &
Schaeffer, 1989; Coates, 1998; Cloutier & Arratia, 2004;
Grande, 2010; Xu, Gao & Finarelli, 2014; Giles
et al., 2017) research. Sallan (2014) provided a detailed sum-
mary of previous hypotheses of living clades and the basis for
this consensus. Friedman (2015) synthesises attempts to place
Palacozoic actinopterygians relative to extant clades,
highlighting that the relationships of extinct actinoptery-
gians, both in relation to each other and to extant clades,
remain unclear.

The cladistic analysis of Gardiner & Schaeffer (1989),
which built significantly on prior work by Gardiner (1984),
represented a seminal study for investigations into Palaeozoic
actinopterygian relationships (Friedman, 2015). Gardiner &
Schaeffer (1989) organised early actinopterygians into
groups (e.g. the Moythomasia Group, the Platysomus Group),
which they tentatively posited to be monophyletic, in order
to determine actinopterygian phylogeny. Although the
monophyly of these groups was rarely upheld in later work,
this analysis and the anatomical characters it established
forms the basis for almost all future phylogenetic studies
(e.g. Coates, 1999; Dietze, 2000; Poplin & Lund, 2000;
Cloutier & Arratia, 2004; Poplin & Dutheil, 2005;
Friedman & Blom, 2006; Swartz, 2009; Fig. 9). The history
of phylogenetic work on actinopterygians mirrors the geo-
graphic biases related to sampling of actinopterygian occur-
rences, with clear bias towards the regions in which
research groups are located (Fig. 9).

Subsequent analyses have attempted to determine the rela-
tionships of primitive actinopterygians relative to extant clades
(e.g. Cloutier & Arratia, 2004) or focussed solely on Palacozoic
actinopterygian  interrclationships  (e.g.  Friedman &
Blom, 2006). Although most analyses draw on multiple sources,
two main subsequent ‘lineages’ of analyses have arisen, both
with a focus shifted towards relationships of actinopterygians
rather than early bony fishes. Cloutier & Arratia (2004), which
attempted a major synthesis of existing character matrices,
sourcing characters from previous cladistic and phylogenetic
studies, heavily influenced Mickle et al. (2009) and Swartz
(2009), while Friedman & Blom (2006) became the basis of
Choo (2012) and all subsequent analyses derived from that
matrix (Giles et al., 2015, 2017; Argyriou et al., 2018; Choo
et al., 2019; Figueroa e al., 2019, 2021; Fig. 9). Giles et al.
(2017) significantly expanded and revised this derived matrix
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Fig. 9. Network depicting the flow of characters to and from phylogenetic analyses of Palaeozoic actinopterygians. Nodes are
coloured according to the geographic region in which authors’ listed institutions (in the primary article) are located.

with the aim of interrogating relationships between living and
fossil actinopterygian lineages.

Other matrices focus on a particular fauna or geographic
region. Most notable amongst these are efforts to investigate
the relationships of Bear Gulch actinopterygians, which
include limited taxa from outside this deposit (Lund, Poplin &
McCarthy, 1995; Lund, 2000; Fig. 9). Cloutier & Arratia
(2004) attempted to integrate these analyses with other early
actinopterygian and osteichthyan matrices. This was further
expanded by Mickle ¢ al. (2009; Fig. 10B; and in an unpub-
lished thesis: Mickle, 2012), who included more Bear Gulch
forms and several other taxa (e.g.  Roslerichthys;
Hamel, 2005). Separately, Elliott (2016; Fig. 10D) conducted
an analysis of Scottish Bashkirian actinopterygians, sampling
traditionally underrepresented groups (such as haplolepids)
while excluding all other Palacozoic actinopterygians.

In general, expansion of these matrices has focused on
increasing taxon sampling of actinopterygian groups that
are already represented and adding more crownward taxa
(Latimer & Giles, 2018; Argyriou et al., 2018; Ren &
Xu, 2021), rather than including previously excluded Palaeo-
zoic taxa. Numerous proposed Palacozoic actinopterygian
clades are yet to be included in phylogenetic analyses despite

high support in the literature [e.g. eurynotiforms (Sallan &
Coates, 2013; Friedman et al, 2018)], and many others
remain represented by a single terminal (e.g. platysomids;
Giles et al., 2017). Hypotheses of relationships have been
shown to change substantially when additional taxa from
underrepresented groups are included
[e.g. saurichthyids (Argyriou et al., 2018); dapediids and pyc-
nodonts (Latimer & Giles, 2018)], resulting in topologies and
divergence timelines inconsistent with past molecular
(Betancur-R ¢t al., 2017; Hughes et al., 2018; Dornburg &
Near, 2021) and morphological (Cloutier & Arratia, 2004;
Grande, 2010; Xu et al., 2014; Giles et al., 2017) consensus,
suggesting that this skewed representation may be a major
source of uncertainty in the early actinopterygian tree.
Other sources of bias are noticeable, especially temporal
and geographic imbalances. Most analyses contain roughly
even numbers of Devonian and Carboniferous taxa
(Coates, 1999; Cloutier & Arratia, 2004; Gardiner,
Schaeffer & Masserie, 2005; Giles ¢t al., 2017; Figueroa
et al., 2021), despite there being an order of magnitude more
species described from the Carboniferous (Fig. 4). Permian
taxa are largely excluded, despite the nearly equivalent
numbers of Permian species relative to the Carboniferous

taxonomic
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(Fig. 4). Furthermore, most analyses heavily sample fishes
from British, North American and Australian deposits
(Fig. 10). Dietze (2000; Fig. 10A) is a notable exception
that incorporates underrepresented taxonomic groups
(e.g. amplypterids) and geographic regions (e.g. Africa, Asia,
Central Europe), although very few subsequent analyses
have built upon this widespread sampling of taxa. A synthesis
and integration of disparate phylogenetic analyses that focus
on individual groups or regions (e.g. Dietze, 2000;
Elliott, 2016) with broader analyses that attempt to span
the actinopterygian radiation (e.g. Giles ¢t al., 2017; Figueroa
etal., 2019, 2021; Ren & Xu, 2021) is sorely needed. Among
the most recent iterations of the Giles ¢f al. (2017) matrix are
studies beginning to expand the geographic spread of taxa by
including actinopterygians from South America (Figueroa
et al., 2019, 2021). Importantly, when sampling expands
beyond taxa from the Euro-American realm, support for past
hypotheses of relationships among stem-actinopterygians
collapses (Fig. 10C).

Lack of an adequate representation of known morphol-
ogies, clades and geographic regions in character matrices
1s drastically preventing an accurate understanding of
Palacozoic actinopterygians (Friedman, 2015). While revi-
sions to early cladistic and phylogenetic analyses
(Gardiner & Schaeffer, 1989; Coates, 1999) have resulted
in the shift of the majority of Palaeozoic taxa from the acti-
nopterygian crown to the stem (Cloutier & Arratia, 2004;
Mickle et al., 2009; Giles et al. 2017), the relationships
between the numerous diverse clades within the Palaeozoic
are still highly unstable. As well as expanding the geographic
range encompassed by taxa, it will be important to address
existing imbalances in geographic sampling before analysing
important phylogeographic aspects of actinopterygian evolu-
tion (such as dispersal rates), as variation in sampling can
greatly influence results (Gardner, Surya & Organ, 2019).

VI. CONCLUSIONS

(1) Comprehensive occurrence-based datasets are necessary
for examining biases in the fossil record and deducing accu-
rate diversity trends (Alroy, 2020), while robust phylogenies
are crucial for detailed macroevolutionary analyses (Soul &
Wright, 2021). Fishes are rarely the subject of such
analyses, but present ample opportunities for investigating
evolutionary dynamics through the Palacozoic. A priority
for Palaeozoic actinopterygian research is to record occur-
rences in the PBDB and update regional substage ages;
efforts to do so are in progress.

(2) Actinopterygian richness fluctuates throughout the
Palaeozoic, but raw counts largely appear to be tracking sam-
pling proxies. Europe and North America are oversampled
in comparison to most Global South regions, and sampling
and spatial biases have a clear influence on the record.
Targeted sampling of underrepresented regions (e.g. mid-
to high-palacolatitudes in the Carboniferous), time periods
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and environments (e.g. marine environments in the Late
Carboniferous—Middle Permian) will be necessary to redress
this imbalance. Concurrently, detailed sampling of well-
known regions will allow for more accurate diversity analyses
of local and regional subsets, which are a critical avenue for
research considering issues regarding analysis of ‘global’ fos-
sil records. This detailed sampling should take the form of
cataloguing museum collections in such regions (as well as
more broadly) given the likelithood that they contain a large
number of occurrences that are not recorded in the primary
literature, and thus not entered into occurrence databases
(Marshall ¢t al., 2018).

(3) Our occurrence-level database for Palaeozoic actinopter-
ygians paves the way for examining biases in the fossil record
and deducing accurate diversity trends. In particular, analyt-
ical methods of sampling standardisation (Chao, 1984;
Chao & Jost, 2012; Alroy, 2017, 2018, 2020; Close
et al., 2020a; Jones et al., 2021) and application of diversity
estimation at different scales (Close et al., 2019) represent
a priority for future studies (Alroy, 2010a,b; Close
et al., 2018). Incorporation of macrostratigraphic data may
help facilitate a synthesis of the various biases impacting the
actinopterygian fossil record.

(4) Historical poor taxonomic practices mask valuable
taxonomic and morphological diversity in Palacozoic acti-
nopterygians (Coates & Tietjen, 2018; Schindler, 2018aq).
Re-evaluation of ‘waste-basket’ taxa, aided by C'T' scanning,
represents the foundation for many other studies. Taxo-
nomic revisions will result in a tightening of the geographic
and temporal ranges of these widespread genera, which in
turn will help to deduce accurate patterns of palacodiversity
(Close et al., 2018), palacogeographic dispersal (Cavin, 2008;
Gardner e al., 2019) and regional connectedness (Stigall
etal., 2017). Redescriptions also aid the identification of early
members of extant actinopterygian clades (Giles ¢t al., 2017),
thus paving the way for a better understanding of the
evolutionary dynamics between clades (Clarke, Lloyd &
Friedman, 2016) as actinopterygians became dominant in
aquatic habitats (Sallan & Coates, 2010; Friedman, 2015).
(5) Existing phylogenetic character matrices are plagued by
similar biases to the overall fossil record, heavily oversam-
pling North American and European fishes, and expanding
the geographic and temporal range of phylogenies must rep-
resent a priority. Continued addition of taxa and well-
formulated characters (Brazeau, 2011), as well as better
methods for dealing with inapplicable characters (Brazeau,
Guillerme & Smith, 2019; Goloboft et al., 2021), will generate
robust hypotheses of relationships with which to investigate
key evolutionary events. Greater incorporation of techniques
such as tip-dating may be able to tease apart relationships
suspected to result from homoplasy (Lee & Yates, 2018), for
example the multiple deep-bodied radiations of Palaeozoic
actinopterygians.

(6) The mechanisms underlying actinopterygian diversifica-
tion following the end-Devonian mass extinction and their
subsequent evolutionary dynamics through the Palacozoic
remain largely unknown, in part due to the lack of stable
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phylogenetic hypotheses of relationships and occurrence
databases. Having these data in hand will enable a wide
range of analysis, from inference-based methods to phylo-
genetic comparative methods to palacogeographical
dispersal:

(a) Reliable and representative phylogenies are an
important component of biogeographic network analyses
(Button et al., 2017; Dunne et al., 2018; Kubo, 2019), and
alternative estimates of diversity such as lineages counts
through time (also referred to as phylogenetic diversity;
Ezcurra & Butler, 2018) that would complement taxic
estimates of diversity.

(b) Application of phylogenetic comparative methods
has the potential to identify adaptive radiations (Close
et al, 2015; Ezcurra & Butler, 2018; Felice &
Goswami, 2018; Halliday e al, 2019; Simdes
et al., 2020). Actinopterygians appear to diversify explo-
sively in the early Garboniferous, but the lack of compre-
hensive phylogenetic analysis prevents testing of whether
this best fits a model of classic extinction recovery, adap-
tive radiation, or ecological release (Schluter, 2000;
Sallan & Friedman, 2012; Friedman & Sallan, 2012;
Slater, 2013). In tandem, investigating survivorship and
selectivity through mass extinctions, such as the end-Devo-
nian, among and between lineages (Soul &
Friedman, 2017; Allen ¢t al., 2019) may reveal more detail
on the effects of mass extinctions (Sallan & Friedman, 2012;
Sallan & Galimberti, 2015). Deep-bodied Palacozoic acti-
nopterygians also represent an obvious test case for explor-
ing these techniques, for example by quantifying
convergence and teasing this apart from shared history
(Speed & Arbuckle, 2017; Arbour & Zanno, 2020).

(c) Previous work has examined shifts between marine
and non-marine habitats in other fossil groups (and
coincident changes in morphology and disparity;
Lamsdell, 2016). By combining palaeoecological obser-
vations from occurrence data with reliable phylogenetic
hypotheses, it will be possible to examine habitat transi-
tions and trends in actinopterygian ecology and biogeog-
raphy through time (Lamsdell ¢f al., 2017). In addition,
previous ancestral-state based hypotheses of crown-
group actinopterygian habitats have inferred both a
freshwater (Carrete Vega & Wiens, 2012) and marine
(Betancur-R, Orti & Pyron, 2015; Guinot &
Cavin, 2018) origin for actinopterygians (although the
result indicates that a freshwater origin is due to the
absence of fossil data in the analysis). Given recent
upheavals in established schemes of phylogenetic rela-
tionships, with a particular effect on deep-branching
members of stem groups (e.g. Giles et al., 2017), ancestral
state reconstructions should be reassessed. As it may be
physiologically easier to adapt from one environment to
another (Betancur-R ez al., 2015), it would be prudent
to explore the use of asymmetric transition models as
recently used to investigate the evolution of oviparity
and viviparity in squamates (Blackburn, 2015).
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Collectively, these investigations will greatly expand our
understanding of the early evolution and rise to dominance
of the most speciose extant vertebrate clade, the
Actinopterygii.

VII. ACKNOWLEDGEMENTS

We thank R. Butler, T. Clements, M. Friedman,
S. Lautenschlager, L. Schnetz and G. Lloyd for helpful and
msightful discussions during the preparation of this review.
We also thank L. Schnetz for help translating German text.
We thank E. Bernard and S. Walsh for collections access.
Two anonymous reviewers provided substantial improvements
to an earlier version. This work was funded by a Royal
Society Dorothy Hodgkin Research Fellowship (DH160098)
and Royal Society Enhancement Award (RGF\EA\180279),
both to S. G. E. M. D. was supported by a Leverhulme
Research Project Grant (RPG-2019-365).

VIII. REFERENCES

AGAss1z, L. (1833). Recherches sur les Poissons Fossiles. Imprimerie de Petitpierre et Prince,
Neuchatel.

ALDINGER, H. (1937). Permische ganoidfische aus Ostgronland. Meddelelser om Gronland
102, 1-392.

ALEKRSEEV, A. A., LeEBEDEV, O. A., Barskov, 1. S., Barskova, M. L.,
Kononova, L. I. & CHizHova, V. A. (1994). On the stratigraphic position of the
Famennian and Tournaisian fossil vertebrate beds in Andreyevka, Tula Region,
Central Russia. Proceedings of the Geologists® Association 105, 41-52.

ALLeN, B. J., Stusss, T. L., BENTON, M. J. & PutTick, M. N. (2019).
Archosauromorph  extinction selectivity during the TriassicJurassic mass
extinction. Palaeontology 62, 211-224.

ALROY, J. (2009). Speciation and extinction in the fossil record of North American
mammals. In Speciation and Patterns of Diversity (eds D. SCHLUTER, J. BRIDLE and R.
ButLiv), pp. 301-323. Cambridge University Press, Cambridge.

ALROY, J. (2010q). Fair sampling of taxonomic richness and unbiased estimation of
origination and extinction rates. The Paleontological Society Papers 16, 55-80.

ALRroOY, J. (20104). Geographical, environmental and intrinsic biotic controls on
Phanerozoic marine diversification. Palaeontology 53, 1211-1235.

ALROY, J. (2010¢). The shifting balance of diversity among major marine animal
groups. Science 329, 1191-1194.

ALROY, J. (2017). Effects of habitat disturbance on tropical forest biodiversity.
Proceedings of the National Academy of Sciences 114, 6056-6061.

ALROY, J. (2018). Limits to species richness in terrestrial communities. Fcology Letters 21,
1781-1789.

ALROY, J. (2020). On four measures of taxonomic richness. Paleobiology 46, 158-175.

ALROY, ]., ABERHAN, M., BortjEr, D. ]J., Foorg, M., Forsich, F. T,
Harries, P. J., Henoy, A. J. W, Horranp, S. M., Ivany, L. C,
KiessLING, W., Kosnik, M. A., MarsuaLn, C. R., McGowan, A. ],
MILLER, A. 1., OLszewskl, T. D., £7 4. (2008). Phanerozoic trends in the global
diversity of marine invertebrates. Science 321, 97-100.

ANDERSON, P. S. L., FRIEDMAN, M., BRaZEAU, M. D. & RAYFIELD, E. ]. (2011).
Initial radiation of jaws demonstrated stability despite faunal and environmental
change. Nature 476, 206-209.

ARBOUR, V. M. & ZaNNO, L. E. (2020). Tail weaponry in ankylosaurs and glyptodonts:
an example of a rare but strongly convergent phenotype. The Anatomical Record 303,
988-998.

ArGYRIOU, T., GILES, S., FRIEDMAN, M., RomaANO, C., KOGAN, 1. & SANCHEZ-
VILLAGRA, M. R. (2018). Internal cranial anatomy of early Triassic species of
FSaurichthys (Actinopterygii: fSaurichthyiformes): implications for the phylogenetic
placement of fsaurichthyiforms. BMC Evolutionary Biology 18, 161.

ARRATIA, G. & CIONE, A. (1996). The record of fossil fishes of southern South
America. Miinchner Geowtissenschafiliche Abhandlungen 30, 9-72.

ARRATIA, G. & CLOUTIER, R. (1996). Reassessment of the morphology of Cheirolepis
canadensis (Cheirolepididae: Actinopterygii). In Devonian Fishes and Plants of Miguasha,

Biological Reviews 98 (2023) 284-315 © 2022 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.



The early diversification of ray-finned fishes

Quebec, Canada (eds H.-P. Schurtze and R. CrLoutier), pp. 165-197. Verlag
Dr. Friedrich Pfeil, Miinchen.

ARRATIA, G. & CLOUTIER, R. (2004). A new cheirolepidid fish from the Middle-
Devonian of Red Hill, Nevada, USA. In Recent Advances in the Origin and Early
Radiation of Vertebrates (eds G. Arratia, M. V. H. WiLsoN and R. CLOUTIER),
pp. 583-598. Verlag Dr. Friedrich Pfeil, Miinchen.

Bakarv, A. & Kocan, L. (2020). A new species of Burguklia (Pisces, Actinopterygii)
from the Middle Permian of the Volga Region (European Russia). Pal 94, 93-106.

BANDYOPADHYAY, S. (1999). Gondwana vertebrate faunas of India. Proceedings of the
Indian National Science Academy A65, 285-313.

Barpack, D. (1979). Fishes of the Mazon Creek Fauna. In Mazon Creck Fossils
(ed. M. H. NrtECKI), pp. 501-528. Academic Press, Cambridge.

BARDACK, D. (1992). Late Pennsylvanian paleonisciform fish from the Kinney Quarry,
New Mexico. In Geology and Paleontology of the Kinney Brick Quarry, Late Pennsylvanian,
Central New Mexico (ed. J. ZIDEK), pp. 197-203. Authority of State of New Mexico,
Socorro.

BARNES, R. (2021). dggridR: Discrete Global Grids for R. C4++.

BeLTAN, L. (1978). Decouverte d’une ichtyofaune dans le Carbonifere superieur
d’Uruguay. Rapports avec les faunes ichtyologiques contemporaines des autres
regions du Gondwana. Annales de la Societe Geologique du Nord 97, 351-355, pls
58-60.

BeLTAN, L. (1981). Coccocephalichthys tessellatus n.sp. (Pisces, Actinopterygii) from the
Upper Carboniferous of Uruguay. In 2nd Congresso Latino-Americano de Paleontologia,
Porto Alegre, pp. 95-105. Editore Pallotti, Porto Alegre.

BELTAN, L. (1989). New Permian actinopterygian families from Uruguay. Acta Musei
Reginachradecensts, Series A, Scientiae Naturales 22, 79-86.

BENDER, P. (2001). A new actinopterygian fish species from the late Permian Beaufort
Group, South Africa. Palaeontologia Aficana 37, 25-40.

BENDER, P. (2002). A new Late Permian ray-finned (Actinopterygian) fish from the
Beaufort Group, South Africa. Palacontologia Africana 38, 33-47.

BENDER, P. (2004). Late Permian actinopterygian (palaconiscid) fishes from the
Beaufort Group, South Africa: biostratigraphic and biogeographic implications.
Council for Geoscience Bulletin 135, 1-84.

BENDER, P. (2005). A new deep-bodied Late Permian actinopterygian fish from the
Beaufort Group, South Africa. Palaeontologia Africana 41, 7-22.

BeENNETT, C. V., UpcHURCH, P., GoIN, F. J. & Goswami, A. (2018). Deep time
diversity of metatherian mammals: implications for evolutionary history and fossil-
record quality. Paleobiology 44, 171-198.

Benson, R. B. J. (2018). Dinosaur macroevolution and macroecology. Annual Review of
Ecology, Evolution, and Systematics 49, 379-408.

BeNson, R. B. J. & BUTLER, R. J. (2011). Uncovering the diversification history of
marine tetrapods: ecology influences the effect of geological sampling biases.
Geological Society, London, Special Publications 358, 191-208.

BEnson, R. B. J., BUTLER, R. ]., ALROY, J., MANNION, P. D., CARRANO, M. T. &
Lroyp, G. T. (2016). Near-stasis in the long-term diversification of Mesozoic
tetrapods. PLoS Biology 14, ¢1002359.

Benson, R. B. J., BUTLER, R. ., LINDGREN, J. & SMITH, A. S. (2010). Mesozoic
marine tetrapod diversity: mass extinctions and temporal heterogeneity in
geological megabiases affecting vertebrates. Proceedings of the Royal Society B: Biological
Sciences 277, 829-834.

BENTON, M. J. (1993). The Fossil Record 2. Chapman and Hall, London.

BeENTON, M. J. (2014). Vertebrate Palacontology. Wiley-Blackwell, Chapman & Hall,
London.

BeENTON, M. J. (2015). Palacodiversity and formation counts: redundancy or bias?
Palacontology 58, 1003-1029.

BENTON, M. J., DUNHILL, A. M., LLOYD, G. T. & MARX, F. G. (2011). Assessing the
quality of the fossil record: insights from vertebrates. Geological Society, London, Special
Publications 358, 63-94.

BENTON, M. J., RUuTA, M., DUNHILL, A. M. & SAKAMOTO, M. (2013). The first half of
tetrapod evolution, sampling proxies, and fossil record quality. Palaeogeography,
Palaeoclimatology, Palacoecology 372, 18-41.

BErG, L. S. (1958). Early Carboniferous fishes from the Achinsk Region. Voprosy
Tkhtiologii 11, 142-153.

BETANCUR-R, R, ORTI, G. & PYRON, R. A. (2015). Fossil-based comparative analyses
reveal ancient marine ancestry erased by extinction in ray-finned fishes. Ecology Letters
18, 441-450.

BETANCUR-R, R., WILEY, E. O., ARRATIA, G., ACERO, A., BAILLY, N., M1va, M.,
LECOINTRE, G. & OrTi, G. (2017). Phylogenetic classification of bony fishes.
BMC Evolutionary Biology 17, 162.

BrLACKBURN, D. G. (2015). Evolution of viviparity in squamate reptiles: reversibility
reconsidered. Journal of Experimental ZJoology Part B: Molecular and Developmental
FEuvolution 324, 473-486.

Brikck, A. (2011). The André Dumont medallist lecture: from adaptive radiations to biotic
crises in Palacozoic vertebrates: a geobiological approach. Geologica Belgica 14, 203-227.

Brazeau, M. D. (2011). Problematic character coding methods in morphology and
their effects. Biological Journal of the Linnean Society 104, 489-498.

309

Brazeau, M. D.,; GuiLLErME, T. & SmitH, M. R. (2019). An algorithm for
morphological phylogenetic analysis with inapplicable data. Systematic Biology 68,
619-631.

BreTT, C. E. (1995). Sequence stratigraphy, biostratigraphy, and taphonomy in
shallow marine environments. PALAIOS 10, 597-616.

Brices, D. E. G. & GaLL, J.-C. (1990). The continuum in soft-bodied biotas from
transitional ~ environments: a  quantitative comparison of Triassic and
Carboniferous Konservat- Lagerstatten. Paleobiology 16, 204-218.

BROCKLEHURST, N. & FROBISCH, J. (2014). Current and historical perspectives on the
completeness of the fossil record of pelycosaurian-grade synapsids. Palaeogeography,
Palacoclimatology, Palacoecology 399, 114-126.

BROCKLEHURST, N., KAMMERER, C. F. & FROBIsCH, J. (2013). The early evolution of
synapsids, and the influence of sampling on their fossil record. Paleobiology 39,
470-490.

BroucHTON, R. E.; BETANCUR-R., R., LI, C., ARRATIA, G. & OrTi, G. (2013).
Multi-locus phylogenetic analysis reveals the pattern and tempo of bony fish
evolution. PLoS Currents 5, 1-33.

Brown, E. E., CasuMoOrE, D. D., Stmmons, N. B. & BuTtLer, R. J. (2019).
Quantifying the completeness of the bat fossil record. Palacontology 62, 757-776.

BUTLER, R. J., BENsoN, R. B. J. & BARRETT, P. M. (2013). Pterosaur diversity:
untangling the influence of sampling biases, Lagerstitten, and genuine biodiversity
signals. Pal aphy, Palaeoclimatology, Palaeoecology 372, 78-87.

BuTLERr, R. J., BEnson, R. B. J., Carrano, M. T., ManniON, P. D. &
UpcHURCH, P. (2011). Sea level, dinosaur diversity and sampling biases:
investigating the ‘common cause’ hypothesis in the terrestrial realm. Proceedings of
the Royal Society B: Biological Sciences 278, 1165-1170.

Burton, D. J., Lroyp, G. T., Ezcurra, M. D. & BUTLER, R. J. (2017). Mass
extinctions drove increased global faunal cosmopolitanism on the supercontinent
Pangaea. Nature Communications 8, 733.

CampBELL, K. S. W. & PHUOC, L. D. (1983). A Late Permian actinopterygian fish from
Australia. Palaeontology 26, 33-70.

CANTALAPIEDRA, J. L., DomiNnco, M. S. & DominGo, L. (2018). Multi-scale
interplays of biotic and abiotic drivers shape mammalian sub-continental diversity
over millions of years. Scientific Reports 8, 13413.

CANTALAPIEDRA, J. L., SANISIDRO, ()., ZHANG, H., ALBERDI, M. T., PRADO, J. L.,
BraNnco, F. & SAARINEN, J. (2021). The rise and fall of proboscidean ecological
diversity. Nature Ecology & Evolution 5, 1-7.

CARRETE VEGA, G. & WIENS, J. J. (2012). Why are there so few fish in the sea?
Proceedings of the Royal Society B: Biological Sciences 279, 2323-2329.

CARROLL, R. L. (1988). Vertebrate Paleontology and Evolution. Freeman, New York.

CASHMORE, D. D.; MANNION, P. D., UpcHURCH, P. & BUTLER, R. J. (2020). Ten
more years of discovery: revisiting the quality of the sauropodomorph dinosaur
fossil record. Palaeontology 63, 951-978.

Cavin, L. (2008). Palacobiogeography of Cretaceous bony fishes (Actinistia, Dipnoi
and Actinopterygii). Geological Society, London, Special Publications 295, 165-183.

CHAO, A. (1984). Nonparametric estimation of the number of classes in a population.
Scandinavian journal of Statistics 11, 265-270.

CHao, A. & Jost, L. (2012). Coverage-based rarefaction and extrapolation:
standardizing samples by completeness rather than size. Eeology 93, 2533-2547.

CHOO, B. (2012). Revision of the actinopterygian genus Mimipiscis (= Mimia) from the
Upper Devonian Gogo Formation of Western Australia and the interrelationships

of the early Actinopterygii. Earth and Environmental Science Transactions of the Royal
Society of Edinburgh 102, 77-104.

CHoo, B. (2015). A new species of the Devonian actinopterygian Moythomasia from
Bergisch Gladbach, Germany, and fresh observations on M. durgaringa from the
Gogo Formation of Western Australia. Journal of Vertebrate Paleontology 35, ¢952817.

CHoO, B., LONG, J. A. & TriNaJsTIC, K. (2009). A new genus and species of basal
actinopterygian fish from the Upper Devonian Gogo Formation of Western
Australia. Acta Zoologica 90, 194-210.

CHoo, B., Lu, J., GiLes, S., TriNajsTIC, K. & Long, J. A. (2019). A new
actinopterygian from the Late Devonian Gogo Formation, Western Australia.
Papers in Palaeontology 5, 343-363.

Ciong, A. L., Gouiric-CavarLl, S., MeNNuccl, J. A., CABRERA, D. A. &
Frege, R. H. (2010). First vertebrate body remains from the Permian of
Argentina (Elasmobranchii and Actinopterygii). Proceedings of the Geologists® Association
121, 301-312.

Crack, J. A, BEnNETT, C. E., Davies, S. J., Scott, A. C., SHERWIN, J. E. &
SmiTHSON, T. R. (2019). A Tournaisian (earliest Carboniferous) conglomerate-
preserved assemblage  and its
sedimentological context. Peerf 6, €5972.

CrarHAM, M. E., KARR, ]. A., NicHOLSON, D. B, Ross, A. ]J. & MAYHEW, P. J.
(2016). Ancient origin of high taxonomic richness among insects. Proceedings of the
Royal Society B: Biological Sciences 283, 20152476.

CLARKE, J. T., LLoyD, G. T. & FRIEDMAN, M. (2016). Little evidence for enhanced
phenotypic evolution in early teleosts relative to their living fossil sister group.

Proceedings of the National Academy of Sciences 113, 11531-11536.

non-marine  faunal environmental and

Biological Reviews 98 (2023) 284-315 © 2022 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.



310

Creary, T. J., Benson, R. B. J., Evans, S. E. & BarrerT, P. M. (2018).
Lepidosaurian diversity in the Mesozoic-Palacogene: the potential roles of
sampling biases and environmental drivers. Royal Society Open Science 5, 171830.

CLEARY, T. J., BENsoN, R. B. J., HOLROYD, P. A. & BARRETT, P. M. (2020). Tracing
the patterns of non-marine turtle richness from the Triassic to the Palacogene: from
origin to global spread. Palacontology 63, 753-774.

CLEARY, T. J., Moon, B. C., DUNHILL, A. M. & BENTON, M. J. (2015). The fossil
record of ichthyosaurs, completeness metrics and sampling biases. Palaeontology 58,
521-536.

CLEMENTS, T., PURNELL, M. & GABBOTT, S. (2019). The Mazon Creek Lagerstitte: a
diverse late Paleozoic ecosystem entombed within siderite concretions. Journal of the
Geological Soctety 176, 1-11.

CLosE, R. A, BENsoN, R. B. J., ALroY, J., BEHRENSMEYER, A. K., BENITO, J.,
CarraNO, M. T., Creary, T. J., Dunng, E. M. ManniON, P. D,
Unen, M. D. & ButLer, R. J. (2019). Diversity dynamics of Phanerozoic
terrestrial tetrapods at the local-community scale. Nature Ecology & FEvolution 3,
590-597.

Crosk, R. A., BEnson, R. B. ., ALrOY, J., CARrRANO, M. T., CLEARY, T. J,,
DunnE, E. M., MaNNION, P. D., UHEN, M. D. & BUTLER, R. J. (2020q). The
apparent exponential radiation of Phanerozoic land vertebrates is an artefact of
spatial sampling biases. Proceedings of the Royal Society B: Biological Sciences 287, 20200372,

JLosE, R. A, BENsoN, R. B. ., Saupg, E. E., CLapaaM, M. E. & BUTLER, R. J.
(20204). The spatial structure of Phanerozoic marine animal diversity. Science 368,
420-424.

CLoSE, R. A, BENSON, R. B. J., UpcHURCH, P. & BUTLER, R. . (2017). Controlling
for the species-area effect supports constrained long-term Mesozoic terrestrial
vertebrate diversification. Nature Communications 8, 15381.

CLosE, R.A., EVERs, S. W., ALROY, J. & BUTLER, R. J. (2018). How should we
estimate diversity in the fossil record? Testing richness estimators using
sampling-standardised discovery curves. Methods in FEcology and Evolution 9,
1386-1400.

CLoSE, R. A, FRIEDMAN, M., LLoYD, G. T. & BENSON, R. B. J. (2015). Evidence for a
mid-Jurassic adaptive radiation in mammals. Current Biology 25, 2137-2142.

CLOUTIER, R. & AHLBERG, P. (1996). Morphology, characters, and the
interrelationships of basal sarcopterygians. In Interrelationships of Fishes, pp. 445—
480. Academic Press, San Diego.

CLOUTIER, R. & ARRATIA, G. (2004). Early diversification of actinopterygians. In
Recent advances in the Origin and Early Radiation of Vertebrates, pp. 217-270. Verlag Dr.
Friedrich Pfeil, Miinchen.

CoATes, M. 1. (1993). New actinopterygian fish from the Namurian Manse Burn
Formation of Bearsden, Scotland. Palacontology 36, 123-146.

CoATes, M. I. (1998). Actinopterygians from the Namurian of Bearsden, Scotland,
with comments on early actinopterygian neurocrania. Loological Journal of the Linnean
Society 122, 27-59.

CoaTes, M. 1. (1999). Endocranial preservation of a Carboniferous actinopterygian
from Lancashire, UK, and the interrelationships of primitive actinopterygians.
Philosophical Transactions of the Royal Society of London. Series B: Biological Sciences 354,
435-462.

Coates, M. I. & TieTJEN, K. (2018). “This strange little palaconiscid’: a new early
actinopterygian genus, and commentary on pectoral fin conditions and function.
Earth and Environmental Science Transactions of the Royal Sociely of Edinburgh 109, 15-31.

ConeN, KM., HarPEr, D.AT. & GisBarDp, P.L. (2021). ICS International
Chronostratigraphic Chart 2021/05. International Commission on Stratigraphy,
TUGS. www.stratigraphy.org Accessed 26.07.2021.

CooOPER, R. A., MAXWELL, P. A., CRAMPTON, J. S., BEU, A. G., JoNEs, C. M. &
MARsHALL, B. A. (2006). Completeness of the fossil record: estimating losses due
to small body size. Geology 34, 241-244.

Cox, C. B. & HuTcHINSON, P. (1991). Fishes and amphibians from the late Permian
Pedra de Fogo formation of northern Brazil. Palacontology 34, 561-573.

CrampPTON, J. S., BEU, A. G., COOPER, R. A, JoNES, C. M., MARSHALL, B. &
Maxwerr, P. A. (2003). Estimating the rock volume bias in paleobiodiversity
studies. Science 301, 358-360.

DAESCHLER, E. B. (2000). An early actinopterygian fish from the Catskill Formation
(Late Devonian, Famennian) in Pennsylvania, U.S.A. Proceedings of the Academy of
Natural Sciences of Philadelphia 150, 181-192.

DaLqQuesT, W. W. & Kocurko, M. J. (1988). Notes on Permian fishes from Lake
Kemp, Baylor County, Texas, with a synopsis of Texas palaconisciform fishes. The
Southwestern Naturalist 33, 263-274.

pE CELs, A., NARVAEZ, 1., ARcuccl, A. & ORTEGA, F. (2020). Lagerstatte effect
drives notosuchian palacodiversity (Crocodyliformes, Notosuchia). Historical Biology
33, 3031-3040.

DERYCKE, C., CLOUTIER, R. & CANDILIER, A.-M. (1995). Palacozoic vertebrates of
Northern France and Belgium: Part II. Chondrichthyes; Acanthodii;
Actinopterygii (uppermost Silurian to Carboniferous). Geobios 28, 343-350.

Dias, E. V. (2012). A new deep-bodied fossil fish (Actinopterygii) from the Rio do Rasto
Formation, Parand Basin, Brazil. ootaxa 3192, 1-23.

Struan Henderson and others

DiepricH, C. G. (2009). A coelacanthid-rich site at Hasbergen (NW Germany):
taphonomy and palacoenvironment of a first systematic excavation in the
Kupferschiefer (Upper Permian, Lopingian). Palacobiodiversity and Pal 7 Is
1-2, 67-94.

DiktzE, K. (2000). A revision of paramblypterid and amblypterid actinopterygians
from Upper Carboniferous—Lower Permian lacustrine deposits of Central Europe.
Palaeontology 43, 927-966.

DiNELEY, D. L. & METCALF, S. J. (1999). Fossil Fishes of Great Britain. Joint Nature
Conservation Committee, Peterborough.

DORNBURG, A. & NEAR, T. J. (2021). The emerging phylogenetic perspective on the
evolution of actinopterygian fishes. Annual Review of Ecology, Evolution, and Systematics
52, 427-452.

Driscorr, D. A., DuNHILL, A. M., STUBBS, T. L. & BENTON, M. J. (2019). The
mosasaur fossil record through the lens of fossil completeness. Palacontology 62, 51-75.

DunniLL, A. M., BENTON, M. J., NEWELL, A. J. & TwitcHETT, R. J. (2013).
Completeness of the fossil record and the validity of sampling proxies: a case study
from the Triassic of England and Wales. Journal of the Geological Society 170, 291-300.

DunniLL, A. M., BENTON, M. J., TwiTcHETT, R. J. & NEWELL, A. J. (2012).
Completeness of the fossil record and the validity of sampling proxies at outcrop
level. Palacontology 55, 1155-1175.

DunHILL, A. M., HANNISDAL, B. & BENTON, M. J. (2014). Disentangling rock record
bias and common-cause from redundancy in the British fossil record. Nature
Communications 5, 4818.

DuNKLE, D. H. (1946). A new palaconiscoid fish from the Lower Permian of Texas.
Journal of the Washington Academy of Sciences 36, 402—409.

DuNKLE, D. H. (1964). Preliminary Description of a Paleoniscoid Fish from the Upper Devonian of
Olio. Scientific Publications of the Cleveland Museum of Natural History, Edition
(Volume 3), pp. 1-24. The Cleveland Museum of Natural History, Cleveland.

DUNKLE, D. H. & SCHAEFFER, B. (1973). Tegeolepis clarki(Newberry), a palaconisciform
from the upper Devonian Ohio Shale. Palaeontographica Abteilung A 143, 151-158.

DunnE, EM. (2020). Patterns and drivers of tetrapod diversity and biogeography in the late
Palacozoic and early Mesozoic. PhD Thesis: University of Birmingham.

Dunnge, E. M., Crose, R. A., BurrtoN, D. J., BROCKLEHURST, N.,
CasaMORE, D. D., Lroyp, G. T. & BUTLER, R. J. (2018). Diversity change
during the rise of tetrapods and the impact of the ‘Carboniferous rainforest
collapse’. Proceedings of the Royal Society B: Biological Sciences 285, 20172730.

EGERTON, P. D. M. G. (1856). Note on the fish remains from Styl Krans, South Africa.
Transactions of the Geological Society (London) 2, 226-227.

EvrvLiorT, F. M. (2014). A new haplolepid fauna (Osteichthyes: Actinopterygii) from the
Lower Coal Measures of Scotland: Westphalian A; Langsettian, Carbonicola communis
chronozone (Bashkirian). Earth and Environmental Science Transactions of the Royal Soctely of
Edinburgh 105, 207-225.

ErLioTT, F. M. (2016). An ecarly actinopterygian ichthyofauna from the Scottish Lower
Coal Measures Formation: Westphalian A (Bashkirian). Earth and Environmental Science
Transactions of the Royal Society of Edinburgh 107, 351-394.

EsiN, D.N. (1995). Late Permian Palaconiscids of the Furopean Part of Russia [Posdnepermskive
paleoniscidy evropejskoj chasti Rossii]. PhD Thesis: Lomonossov State University, Moscow.

Evans, FJ. (2005). Taxonomy, pal logy and palaeobi aphy of some palaeozoic fish of
Southern Gondwana. PhD Thesis: University of Stellenbosch.

Ezcurra, M. D. & BUTLER, R. . (2018). The rise of the ruling reptiles and ecosystem
recovery from the Permo-Triassic mass extinction. Proceedings of the Royal Sociely B:
Biological Sciences 285, 20180361.

FeLIcE, R. N. & Goswawmi, A. (2018). Developmental origins of mosaic evolution in
the avian cranium. Proceedings of the National Academy of Sciences 115, 555-560.

FIGUEIREDO, F. J. & CaARvALHO, B. C. M. C. (2004). A new actinopterygian fish from
the late Permian of the Parand Basin, Southern Brazil. Archivos do Museu Nacional do
Rio de Janeiro 62, 531-547.

Ficueroa, R. T., FRIEDMAN, M. & GaLro, V. (2019). Cranial anatomy of the
predatory actinopterygian Brazilichthys macrognathus from the Permian (Cisuralian)
Pedra de Fogo Formation, Parnaiba Basin, Brazil. Journal of Vertebrate Paleontology
39, ¢1639722.

FiGueroa, R. T. & MacHADO, D. M. p. C. (2018). The Paleozoic ichthyofauna of the
Amazonas and Parnaiba basins, Brazil. Journal of South American Earth Sciences 82,
122-132.

FicuEroA, R. T., WEINSCHUTZ, L. C. & FRIEDMAN, M. (2021). The oldest Devonian
circumpolar ray-finned fish? Biology Letters 17, 20200766.

FLANNERY SUTHERLAND, J. T., MooN, B. C., Stusss, T. L. & BENTON, M. J. (2019).
Does exceptional preservation distort our view of disparity in the fossil record?
Proceedings of the Royal Society B: Biological Sciences 286, 20190091.

Forey, P. L. & YouNG, V. T. (1985). Upper Stephanian fishes from the Puertollano
Basin, Ciudad Real, Spain (special volume). In Papers on the Carboniferous of Iberian
Peninsula (Sedimentology, Stratigraphy, Paleontology, Tectonics and Geochronology) (eds R. H.
WaGNER and M. J. L. Sousa), pp. 233-244. Anais Faculdade Ciencias Univ, Porto.

Frey, L., ROCKLIN, M., KorN, D. & Krue, C. (2018). Late Devonian and Early
Carboniferous alpha diversity, ecospace occupation, vertebrate assemblages and bio-

Palaeoclimatology, Palacoecology 496, 1-17.

events of southeastern Morocco. Palaeggeography, Palaeoc

Biological Reviews 98 (2023) 284-315 © 2022 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.


http://www.stratigraphy.org

The early diversification of ray-finned fishes

Fric, A. (1879). Fauna der Gaskohle und der Kalksteine der Permformation Bohmens, pp. 1-318.
Selbstverlag—-in commission bei Fr. Rivna¢, Prague.

FriEDMAN, M. (2015). The early evolution of ray-finned fishes. Palacontology 58,
213-228.

FriepMaN, M. & Brom, H. (2006). A new actinopterygian from the Famennian of
East Greenland and the interrelationships of Devonian ray-finned fishes. Journal of
Paleontology 80, 1186-1204.

FriEDMAN, M., PIERCE, S. E., COATES, M. & GILES, S. (2018). Feeding structures in
the ray-finned fish Eurynotus crenatus (Actinopterygii: Eurynotiformes): implications for
trophic  diversification among Carboniferous actinopterygians. Earth —and
Enovi tal Science Transactions of the Royal Society of Edinburgh 109, 33-47.

FriepMAN, M. & SALLAN, L. C. (2012). Five hundred million years of extinction and
recovery: a Phanerozoic survey of large-scale diversity patterns in fishes. Palacontology
55, 707-742.

GARDINER, B. G. (1967). Further notes on palaconiscoid fishes with a classification of the
Chondrostei. Bulletin of the British Museum (Natural History), Geology Series 14, 146-206.
GARDINER, B. G. (1969). New palaeoniscoid fish from the Witteberg series of

South Africa. oological Journal of the Linnean Society 48, 423-452.

GARDINER, B. G. (1984). Devonian palaconiscid fishes: new specimens of Mimia and
Moythomasia from the Upper Devonian of Western Australia. Bulletin of the British
Museum of Natural History (Geology Series) 37, 173-428.

GARDINER, B. G. (1985). Actinopterygian fish from the Dinantian of Foulden,
Berwickshire, Scotland. Earth and Envir tal Science Transactions of the Royal Society
of Edinburgh 76, 61-66.

GARDINER, B. G. (1993). Osteichthyes: basal actinopterygians. In The Fossil Record 2
(ed. M. J. BENTON), pp. 610-619. Chapman and Hall, London.

GARDINER, B. G. & BARTRAM, A. W. H. (1977). The homologies of ventral cranial
fissures in osteichthyans. In Problems in Early Vertebrate Evolution (eds S. M. ANDREWS,
R.S. Mies and A. D. WALKER), pp. 227-245. Academic Press, London.

GARDINER, B. G. & SCHAEFFER, B. (1989). Interrelationships of lower actinopterygian
fishes. Qoological Journal of the Linnean Soctety 97, 135-187.

GARDINER, B. G., SCHAEFFER, B. & MASSERIE, J. A. (2005). A review of lower
actinopterygian phylogeny. Loological Journal of the Linnean Society 144, 511-525.

GARDNER, J. D., Surva, K. & Orcan, C. L. (2019). Early tetrapodomorph
biogeography: controlling for fossil record bias in macroevolutionary analyses.
Comptes Rendus Palevol 18, 699-709.

Gess, R. W. & WartrieLp, A. K. (2020). Estuarine fish and tetrapod evolution:
insights from a Late Devonian (Famennian) Gondwanan estuarine lake and a
southern African Holocene equivalent. Biological Reviews 95, 865-888.

GILEs, S., DARRAS, L., CLEMENT, G., BLIECK, A. & FRIEDMAN, M. (2015). An
exceptionally preserved Late Devonian actinopterygian provides a new model for
primitive cranial anatomy in ray-finned fishes. Proceedings of the Royal Society B:
Biological Sciences 282, 20151485.

GILES, S. & FRIEDMAN, M. (2014). Virtual reconstruction of endocast anatomy in early
ray-finned fishes (Osteichthyes, Actinopterygii). Journal of Paleontology 88, 636-651.
GiLES, S., XU, G.-H., NEAR, T. J. & FRIEDMAN, M. (2017). Early members of ‘living
fossil” lincage imply later origin of modern ray-finned fishes. Nature 549, 265-268.
Govrosory, P. A, LagT, ]J. D, Rios-Tamayo, D. & Szumik, C. A. (2021). A
reconsideration of inapplicable characters, and an approximation with step-matrix

recoding. Cladistics 37(5), 596-629.

GoLuskv, V. K. (2001). Event stratigraphy and correlation of Kazanian marine
deposits in the stratotype area. Stratigraphy and Geological Correlation 9, 454—472.

GorTrrIED, M. D. (1987). A Pennsylvanian aeduelliform (Osteichthyes,
Actinopterygii) from North America with comments on
interrelationships. Paldontologische Zeitschrift 61, 141-148.

GoTtTrrIED, M. D. (1992). A new deep-scaled “palaconiscoid” from the Kinney
Quarry, Late Pennsylvanian of New Mexico. New Mexico Bureau of Mines and Mineral
Resources, Bulletin 138, 189-196.

GRANDE, L. (2010). An empirical synthetic pattern study of gars (Lepisosteiformes) and
closely related species, based mostly on skeletal anatomy. The resurrection of
Holostei. Copeia 10, 1-871.

GRrOGAN, E. & LunD, R. (2002). The geological and biological environment of the
Bear Gulch Limestone (Mississippian of Montana, USA) and a model for its
deposition. Geodiversitas 24, 295.

Grocan, E. D. & Lunp, R. (2015). Two new Actinopterygii (Vertebrata,
Osteichthyes) with cosmine from the Bear Gulch Limestone (Heath Fm.,
Serpukhovian, Mississippian) of Montana USA. Proceedings of the Academy of Natural
Sciences of Philadelphia 164, 111-132.

GuiNnoT, G. & CavIN, L. (2018). Body size evolution and habitat colonization across
100 million years (Late Jurassic-Paleocene) of the actinopterygian evolutionary
history. Fish and Fisheries 19, 577-597.

GURICH, G. (1923). Acrolepis lotzi und andere Ganoiden aus den Dwyka-Schichten von
Ganikobis, Stidwestafrika. Beitrige zur Geologischen Erforschung der Deutschen Schutzgebiete
19, 26-73.

Havrram, A. & WIGNALL, P. B. (1999). Mass extinctions and sea-level changes. Earth-
Science Reviews 48, 217-250.

aeduelliform

311

Havrrioay, T.J. D., pos Re1s, M., TaMURI, A. U., FERGUSON-GOw, H., YANG, Z. &
Goswami, A. (2019). Rapid morphological evolution in placental mammals post-
dates the origin of the crown group. Proceedings of the Royal Society B: Biological Sciences
286, 20182418.

HamEL, M.-H. (2005). A new lower Actinopterygian from the early Permian of the
Parand Basin, Brazil. Journal of Vertebrate Paleontology 25, 19-26.

HawmpE, O., HAIRAPETIAN, V., DorkA, M., WiTzZzMANN, F., ARBARI, A. M. &
Korn, D. (2013). A first Late Permian fish fauna from Baghuk Mountain
(Neo-Tethyan shelf, central Iran). Bulletin of Geosciences 88, 1-20.

Hancock, A. & ATTHEY, T. (1872). XXVI.—Descriptive notes on a nearly entire
specimen of Pleurodus Rankinit, on two new species of Platysomus and a new
Amphicentrum, with remarks on a few other fish remains found in the coal-measures
at Newsham. Annals and Magazine of Natuwral History 9, 249-262.

HANNIBAL, J. T. (2020). Berea sandstone: a heritage stone of international significance
from Ohio, USA. Geological Sociely, London, Special Publications 486, 177-204.

HaNNisDAL, B. & PETERS, S. E. (2011). Phanerozoic earth system evolution and
marine biodiversity. Science 334, 1121-1124.

HARPER, D. A. T., CASCALES-MINANA, B. & Servars, T. (2020). Early Palacozoic
diversifications and extinctions in the marine biosphere: a continuum of change.
Geological Magazine 157, 5-21.

HEeYLER, D. (1977). Sur Bourbonnella sottyi, un nouvel Aeduellidae (poisson
Actinoptérygien). Stéphanien du Bassin de Blanzy-Montceau. Comple Rendu
sommaire de la Société Géologique de France 1, 21-23.

HEYLER, D. (2000). Les actinoptérygiens Stéphaniens et Autuniens du Massif Central
(France) dans les collections du M.N.H.N. (Paris) et du Muséum d’Autun:
compléments, mises au point, bilan. Bulletin de la Société d’Histoire Naturelle d’Autun
169, 7-44.

HobNETT, J.-P. & Lucas, S. (2015). Paleozoic fishes of New Mexico: a review. Bulletin
of the New Mexico Museum of Natural History and Science 68, 51-63.

Hovrranp, T. M., LoNG, J. A., WARREN, A. & GARVEY, ]J. M. (2006). Second
specimen of the lower actinopterygian Novogonatodus kasantsevae Long 1988 from the
Early Carboniferous of Mansfield, Victoria. Proceedings of the Royal Society of Victoria
118, 1-10.

Hovzaprer, H. W. & MavrLzanN, E. (1984). Die Fischreste der kiistennahen
Sedimente des unteren Zechstein 1 Westdeutschlands. Geologica et Palaeontologica 18,
81-99.

Hook, R. W. & BaIrp, D. (1986). The Diamond Coal Mine of Linton, Ohio, and its
Pennsylvanian-age vertebrates. Journal of Vertebrate Paleontology 6, 174—190.

HoOSGOR, I. & STAMBERG, S. (2014). A first record of late Middle Permian actinopterygian
fish from Anatolia, Turkey. Acta Geologica Polonica 64, 147-159.

HucHes, L. C., OrTi, G., HUANG, Y., SUN, Y., BALDWIN, C. C., THOMPSON, A. W.,
ARcILA, D., BETANCUR-R, R., L1, C., BECKER, L., BELLORA, N., ZHAO, X., L1, X.,
WAaNG, M., FANG, C., £7 1. (2018). Comprehensive phylogeny of ray-finned fishes
(Actinopterygii) based on transcriptomic and genomic data. Proceedings of the National
Academy of Sciences 115, 6249-6254.

HurrEy, I. A., MUELLER, R. L., DuNN, K. A., ScamipT, E. J., FRIEDMAN, M.,
Ho, R. K., PRINCE, V. E., YANG, Z., THOMAS, M. G. & CoATESs, M. 1. (2007). A
new time-scale for ray-finned fish evolution. Proceedings of the Royal Society B:
Biological Sciences 274, 489-498.

IvaNov, A. O., NESTELL, G. P. & NESTELL, M. K. (2013). Fish assemblages from the
Capitanian (Middle Permian) of the Apache Mountains, West Texas, USA. In The
Carboniferous-Permian Transition: Bulletin 60 (eds S. G. Lucas, W. A. DIMICHELE, J. E.
Barrick, J. W. ScHNEIDER and J. A. SPIELMANN), pp. 152-160. New Mexico
Museum of Natural History and Science, Albuquerque.

IvaNov, A. O., NEsTELL, M. K., NESTELL, G. P. & BELL, G. L. (2020). New fish
assemblages from the Middle Permian from the Guadalupe Mountains, West
Texas, USA. Palacoworld 29, 239-256.

Jackson, C. T. (1851). Report on the Albert coal mine. In Reports on the Geological
Relations, Chemical Analysis and Microscopic Examination of the Albert Coal Mining Company
Situated in Albert County, New Brunswick, p. 48. C. Vinten, New York.

JANVIER, P. (2007). Living primitive fishes and fishes from deep time. Fish Physiology 26,
1-51.

JANVIER, P. & MAISEY, J. G. (2010). The Devonian vertebrates of South America and
their biogeographical relationships. In Morphology, Phylogeny and Paleobiogeography of
Fossil Fishes (eds G. ARrRATIA, M. V. H. WiLsoN and R. CLOUTIER), pp. 431-459.
Verlag Dr. Friedrich Pfeil, Munich.

Jongs, L. A, DEaN, C. D., MANNION, P. D., FARNSWORTH, A. & ALLISON, P. A. (2021).
Spatial sampling heterogeneity limits the detectability of deep time latitudinal
biodiversity gradients. Proceedings of the Royal Society B: Buological Sciences 288, 20202762.

Juss, R. A. & GARDINER, B. G. (1975). A preliminary catalogue of identifiable fossil
fish material from southern Africa. Annals of the South African Museum 67, 381-440.

KAZANTSEVA-SELEZNEVA, A. A. (1980). Permian Palaconisci of central Siberia.
Paleontological Journal 14, 80-87.

KAZANTSEVA-SELEZNEVA, A. A. (1981). Late Palacozoic Palaconisci of East
Kazakhstan [Pozdnepaleozoiskie paleoniski Vostochnogo Kazakhstana]. Trudy
Paleontologicheskogo Instituta Akademii Nauk SSSR 180, 1-140.

Biological Reviews 98 (2023) 284-315 © 2022 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.



312

KIEsSLING, W., SiMPsON, C. & FOOTE, M. (2010). Reefs as cradles of evolution and
sources of biodiversity in the Phanerozoic. Science 327, 196-198.

KinG, W. (1850). A monograph of the Permian fossils of England. Monographs of the
Palaeontographical Society 3, ix—258.

Koot, M.B. (2013). Effects of the late Permian mass extinction on chondrichthyan palaeobiodiversity
and distribution patterns. PhD Thesis: Plymouth University.

Kuso, T. (2019). Biogeographical network analysis of Cretaccous terrestrial tetrapods:
a phylogeny-based approach. Systematic Biology 68, 1034-1051.

LAGOMARCINO, A. J. & MILLER, A. I. (2012). The relationship between genus richness
and geographic area in Late Cretaceous marine biotas: epicontinental sea versus
open-ocean-facing settings. PLoS One 7, e40472.

LAKIN, J. A, MARSHALL, J. E. A, TROTH, I. & HARDING, I. C. (2016). Greenhouse to
icehouse: a biostratigraphic review of latest Devonian—Mississippian glaciations and
their global effects. Geological Society, London, Special Publications 423, 439-464.

LamspeLr, J. C. (2016). Horseshoe crab phylogeny and independent colonizations of
fresh water: ecological invasion as a driver for morphological innovation.
Palacontology 59, 181-194.

LamsperLL, J. C., CoNGrevE, C. R., Horkins, M. J., KruG, A. Z. &
PaTzrowsky, M. E. (2017). Phylogenetic paleoecology: tree-thinking and ecology
in deep time. Trends in Ecology & Fvolution 32, 452-463.

LATIMER, A. E. & GILEs, S. (2018). A giant dapediid from the Late Triassic of
Switzerland and insights into neopterygian phylogeny. Royal Society Open Science 5,
180497.

LeBEDEV, O. A. (1996). Fish assemblages in the Tournaisian-Viséan environments of the
East European Platform. Geological Society, London, Special Publications 107, 387-415.

LEE, M. S. Y. & YaTEs, A. M. (2018). Tip-dating and homoplasy: reconciling the
shallow molecular divergences of modern gharials with their long fossil record.
Proceedings of the Royal Society B: Biological Sciences 285, 20181071.

Liu, X. T. & WE1, F. (1988). A new saurichthyid from the Upper Permian of Zhejiang,
China. Vertebrata Palasiatica 26, 77—89.

Lroyp, G. T. & FRIEDMAN, M. (2013). A survey of palacontological sampling biases in
fishes based on the Phanerozoic record of Great Britain. Palaeogeography,
Palaeoclimatology, Palacoecology 372, 5-17.

Lroyp, G. T.,YOUNG, J. R. & Sm1TH, A. B. (20124). Comparative quality and fidelity
of deep-sea and land-based nannofossil records. Geology 40, 155-158.

Lroyp, G. T.,YOUNG, J. R. & SMITH, A. B. (20125). Taxonomic structure of the fossil
record is shaped by sampling bias. Systematic Biology 61, 80.

LongG, J. A. (1988). New palaconiscoid fishes from the late Devonian and early
Carboniferous of Victoria. Memoirs of the Association of Australasian Palaeontologists 7, 1-64.

Long, J. A., CHOO, B. & YOUNG, G. C. (2008). A new basal actinopterygian fish from
the Middle Devonian Aztec Siltstone of Antarctica. Antarctic Science 20, 393-412.

Long, J. A. & TrinagsTic, K. (2010). The Late Devonian Gogo Formation
Liagerstatte of Western Australia: exceptional early vertebrate preservation and
diversity. Annual Review of Earth and Planetary Sciences 38, 255-279.

Long, J. A. & TriNajsTic, K. M. (2017). A review of recent discoveries of
exceptionally preserved fossil fishes from the Gogo sites (Late Devonian, Western
Australia). Earth and Environmental Science Transactions of the Royal Society of Edinburgh
108, 111-117.

Lowney, KA. (1980). Certain Bear Gulch (Namurian A, Montana) Actinopterygii (Osteichthyes)
and a reevaluation of the evolution of the Palaeozoic actinopterygians. PhD Thesis, New York
University, New York.

Lu,J., GiLEs, S., FRIEDMAN, M., DEN BLAAUWEN, J. L. & Znu, M. (2016). The oldest
actinopterygian highlights the cryptic early history of the hyperdiverse ray-finned
fishes. Current Biology 26, 1602-1608.

Lu, L-W. (2002). A new Namurian palaconiscoid fish from Zhongwei, Ningxia.
Vertebrata Palasiatica 40, 1-8.

Lucas, S. G., DIMicHELE, W. A. & ALLEN, B. D. (2021). The Kinney Brick Quarry
Lagerstitte, Late Pennsylvanian of New Mexico. New Mexico Museum of Natural
History and Science, Albuquerque.

Lunp, R. (2000). The new actinopterygian order Guildayichthyiformes from the lower
Carboniferous of Montana (USA). Geodiversitas 22(2), 171-206.

Lunp, R., GREENFEST-ALLEN, E. & GrRoGAN, E. D. (2012). Habitat and diversity of
the Bear Gulch fish: life in a 318 million year old marine Mississippian bay.
Pal, iphy, Palaeoclimatology, Palaeoecology 342-343, 1-16.

Lunp, R. & MeLTON, W. G. (1982). Paratarrasius hibbardi new genus and species
(Actinopterygii, Tarrasiiformes) from the Namurian Bear Gulch Limestone of
Montana, USA. Palacontology 25, 485-498.

Lunp, R. & PorriN, C. (1997). The rhadinichthyids (paleoniscoid actinopterygians)
from the Bear Gulch Limestone of Montana (USA, Lower Carboniferous). Journal
of Vertebrate Paleontology 17, 466-486.

Lunp, R. & PopLIN, C. (1999). Fish diversity of the Bear Gulch Limestone, Namurian,
Lower Carboniferous of Montana, USA. Geobios 32, 285-295.

Lunp, R. & PorLiN, C. (2002). Cladistic analysis of the relationships of the tarrasiids
(Lower Carboniferous actinopterygians). Journal of Vertebrate Paleontology 22(3), 480-486.

Lunp, R, PorLiN, C. & McCartHY, K. (1995). Preliminary analysis of the
interrelationships of some Paleozoic Actinopterygii. Geobios 28, 215-220.

Struan Henderson and others

MALABARBA, M. C. L. (1988). A new genus and species of stem group actinopteran fish
from the Lower Permian of Santa Catarina State, Brazil. Loological Journal of the
Linnean Society 94, 287-299.

MannNION, P. D., CHIARENZA, A. A., Gopoy, P. L. & CHean, Y. N. (2019).
Spatiotemporal sampling patterns in the 230 million year fossil record of terrestrial
crocodylomorphs and their impact on diversity. Palacontology 62, 615-637.

MANNION, P. D. & UpcHURCH, P. (2010). Completeness metrics and the quality of the
sauropodomorph fossil record through geological and historical time. Paleobiology 36,
283-302.

MAanNION, P. D., UpcHURCH, P., CARRANO, M. T. & BARreTT, P. M. (2011).
Testing the effect of the rock record on diversity: a multidisciplinary approach to
elucidating the generic richness of sauropodomorph dinosaurs through time.
Biological Reviews 86, 157-181.

MARk-KurIk, E. (2000). The Middle Devonian fishes of the Baltic States (Estonia,
Latvia) and Belarus. CFES' Courier Forschungsinstitut Senckenberg 223, 309-324.

MarsHALL, C. R., FINNEGAN, S., CLiTES, E. C., HoLrROYD, P. A., BoNUso, N.,
CortEz, C., Davis, E., DieTL, G. P., DRUCKENMILLER, P. S., ExgG, R. C,,
GARrciIa, C., Estes-SmMaARrciasst, K., HEnpy, A., Horwis, K. A, LitTtLE, H.,
ET 4r. (2018). Quantifying the dark data in museum fossil collections as
palacontology undergoes a second digital revolution. Biology Letters 14, 20180431.

MARTHA, R. (2002). A ray-finned fish (Osteichthyes) from the Late Permian of the State
of Santa Catarina (Parana Basin), southern Brazil. Revista Brasileira de Paleontologia 3,
56-61.

MAaRrX, F. G. (2009). Marine mammals through time: when less is more in studying
palaeodiversity. Proceedings of the Royal Society B: Biological Sciences 276, 887-892.

MATVEEVA, A. A. (1958). Paleonistzidu Izuikchul’skogho ghorizonta Minusinskoi
Kotlovinui. Voprosy Ikhtiologii 11, 154—161.

Mickeg, K. E. (2011). The early actinopterygian fauna of the Manning Canyon Shale
Formation (upper Mississippian, lower Pennsylvanian) of Utah, U.S.A. Journal of
Vertebrate Paleontology 31, 962-980.

Mickrk, K.E. (2012). Unravelling the systematics of palaeoniscoid fishes--lower actii
need of a complete phylogenetic revision. PhD Thesis: University of Kansas.
Mickeg, K. E. (2017). The lower actinopterygian fauna from the Lower Carboniferous
Albert shale formation of New Brunswick, Canada — a review of previously described

taxa and a description of a new genus and species. Fossil Record 20, 47-67.

MickLE, K. E. (2018). A new lower actinopterygian fish from the Upper Mississippian
Bluefield Formation of West Virginia, USA. Peerf 6, ¢5533.

MickLE, K. E. & BADER, K. (2009). A new platysomid from the Upper Carboniferous
of Kansas (USA) and remarks on the systematics of deep-bodied lower
actinopterygians. Acta Joologica 90, 211-219.

MickLg, K. E., LunD, R. & GROGAN, E. D. (2009). Three new palaeoniscoid fishes
from the Bear Gulch Limestone (Serpukhovian, Mississippian) of Montana (USA)
and the relationships of lower actinopterygians. Geodiversitas 31, 623-668.

MiNIKH, A. V. & MINIKH, M. G. (2009). Ikhtiofa Permi Fvropeiskor Rossii (Permian
Ichthyofauna of the European Russia). Tsentr Nauka, Saratov.

MINIKH, A. V., MINIKH, M. G. & YANKEVICH, D. I. (2016). Permian and Triassic fish
holotypes kept in the earth sciences Museum at the Saratov State University. Article
2. Actinopterygian fishes. In U3sectus Caparosckozo ynusepcurera. Hosas cepus.
Cepusa Hayxu o 3emae (Volume 16), pp. 178-187. Saratov National State Research
University, Saratov.

MINIKH, M. G. (1992). New deep-bodied fishes from the Upper Permian deposits of
the East European Plate. In Questions of Palaeontology: The Inter-University Collection
(ed. D. L. STEPANOV), pp. 137-146. Peterburgskii Gos. Universitet, St. Petersburg.

MiNIkH, M.G. (1998). Late Permian and Triassc ichthyofauna of European Russia (taxonomy, stages
of develof stratigraphic significance). PhD Thesis: Saratov State University, Saratov.

Moy-THowMmas, J. A. (1938). Carboniferous palaconiscids from Northumberland and
Berwickshire. Geological Magazine 75, 308-318.

Moy-THoMmaAs, J. A. & DYNE, M. B. (1938). XVII.—The Actinopterygian fishes from
the Lower Carboniferous of Glencartholm, Eskdale, Dumfriesshire. Farth and
Enovir tal Science Transactions of the Royal Society of Edinburgh 59, 437-480.

MURRAY, A. M. (2000). The Palaeozoic, Mesozoic and Early Cenozoic fishes of Africa.
Fish and Fisheries 1, 111-145.

MUSCENTE, A. D., SCHIFFBAUER, J. D., BROCE, ]., LAFLAMME, M., O’'DONNELL, K.,
Boac, T. H., MEYER, M., HAwkINs, A. D., HUNTLEY, J. W., MCNAMARA, M.,
MacKenzig, L. A., StanLey, G. D., HinmaN, N. W., Hormann, M. H. &
X140, S. (2017). Exceptionally preserved fossil assemblages through geologic time
and space. Gondwana Research 48, 164—188.

NEAR, T. J., EyTAN, R. 1., DORNBURG, A., KUnN, K. L., MOORE, J. A., Davis, M. P.,
WAINWRIGHT, P. C., FRIEDMAN, M. & SmiTH, W. L. (2012). Resolution of ray-
finned fish phylogeny and timing of diversification. Proceedings of the National Academy
of Sciences 109, 13698-13703.

NELSON, ]J. S., GRANDE, T. C. & WiLsON, M. V. H. (2016). Fishes of the World. John
Wiley & Sons, Hoboken.

NEWBERRY, J. S. (1856). Description of several new genera and species of fossil fishes
from the Carboniferous strata of Ohio. Proceedings of the Academy of Natural Sciences of
Philadelphia 8, 96-100.

plerygians in

Biological Reviews 98 (2023) 284-315 © 2022 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.



The early diversification of ray-finned fishes

NewmMmAN, M., Burrow, C., DEN BLAAUWEN, J. & Gires, S. (2021). A new
actinopterygian Chetrolepis jonest nov. sp. from the Givetian of Spitsbergen,
Svalbard. Norwegian Journal of Geology 101, 202103.

NURGALIEV, D. K., SILANTIEV, V. V. & NIKOLAEVA, S. V. (2015). Type and Reference
Sections of the Middle and Upper Permian of the Volga and Kama River Regions. Kazan
University Press, Kazan.

OLIVE, S., CLEMENT, G., DAESCHLER, E. B. & DUPRET, V. (20154). Characterization
of the placoderm (Gnathostomata) assemblage from the tetrapod-bearing locality of
Strud (Belgium, upper Famennian). Palacontology 58, 981-1002.

Ouive, S., CLEMENT, G., DAESCHLER, E. B. & DuPreT, V. (2016). Placoderm
assemblage from the tetrapod-bearing locality of Strud (Belgium, Upper
Famennian) provides evidence for a fish nursery. PLoS One 11, 0161540.

OLIVE, S., CLEMENT, G., DENAYER, J., DERYCKE, C., DUPRET, V., GERRIENNE, P,
GUERIAU, P., MARION, J.-M., MOTTEQUIN, B. & PrESTIANI, C. (20155). Flora
and fauna from a new Famennian (Upper Devonian) locality at Becco, eastern
Belgium. Geologica Belgica 18, 92-101.

OLvE, S., LEROY, Y., DAESCHLER, E. B., Downs, J. P., LADEVEZE, S. &
CLEMENT, G. (2020). Tristichopterids (Sarcopterygii, Tetrapodomorpha) from the
Upper Devonian tetrapod-bearing locality of Strud (Belgium, upper Famennian),
with phylogenetic and paleobiogeographic considerations. Journal of Verlebrate
Paleontology 40, €1768105.

OLIVE, S., PRADEL, A., MARTINEZ-PEREZ, C., JANVIER, P., LamsprLL, J. C,,
GUERIAU, P., RABET, N., DURANLEAU-GAGNON, P., CARDENAS-ROZO, A. L.,
ZAPATA RAMIREZ, P. A. & BOTELLA, H. (2019). New insights into Late Devonian
vertebrates and associated fauna from the Cuche Formation (Floresta Massif,
Colombia). Journal of Vertebrate Paleontology 39, ¢1620247.

Ouwson, E. C. (1967). Early Permian Vertebrates of Oklahoma. University of Oklahoma,
Norman.

DRrvIG, T. (1960). New finds of acanthodians, arthrodires, crossopterygians, ganoids and
dipnoans in the Upper Middle Devonian Calcareous Flags (Oberer Plattenkalk) of the
Bergisch Gladbach-Paffrath Trough. Paldontologische Zeitschrift 34, 295-335.

Otoo0, B. K. A, CLACK, J. A., SMITHSON, T. R., BENNETT, C. E., KEARSEY, T. I. &
CoaTes, M. 1. (2019). A fish and tetrapod fauna from Romer’s Gap preserved in
Scottish Tournaisian floodplain deposits. Palacontology 62, 225-253.

Pa1s DE REZENDE, J. M., FIGUEROA, R. T., PoNnciaNo, L. C. M. . O. & GaLLo, V.
(2021). A New Late Devonian Fish Fauna from Northeastern Brazil. Historical Biology
33, 3444-3454.

PArDO, J. D., LENNIE, K. & ANDERSON, J. S. (2020). Can we reliably calibrate deep
nodes in the tetrapod tree? Case studies in deep tetrapod divergences. Frontiers in
Genetics 11, 11.

Parpo, J. D., SmaLL, B. J., MILNER, A. R. & HUTTENLOCKER, A. K. (2019).
Carboniferous—Permian climate change constrained early land vertebrate
radiations. Nature Ecology & Evolution 3, 200-206.

ParTErsoN, C. (1982). Morphology and interrelationships of primitive
actinopterygian fishes. American oologist 22, 241-259.

PATTERSON, C. (1994). Bony fishes. Short Courses in Paleontology 7, 57-84.

PrarsoN, D. M. & WesTorL, T. S. (1979). The Devonian actinopterygian
Cheirolepis Agassiz. Earth and Environmental Science Transactions of the Royal
Society of Edinburgh 70, 337-399.

PearsoN, M. R., Benson, R. B. ], UpcHurcH, P., FrOBIscH, ]. &
KamMERER, C. F. (2013). Reconstructing the diversity of early terrestrial
herbivorous tetrapods. Palacogeography, Palacoclimatology, Palaeoecology 372, 42-49.

PERRIER, V. & CHARBONNIER, S. (2014). The Montceau-les-Mines Lagerstitte (Late
Carboniferous, France). Comptes Rendus Palevol 13, 353-367.

PETERSs, S. E. (2005). Geologic constraints on the macroevolutionary history of marine
animals. Proceedings of the National Academy of Sciences 102, 12326-12331.

PETERSs, S. E. (2006). Genus extinction, origination, and the durations of sedimentary
hiatuses. Paleobiology 32, 387-407.

PETERS, S. E. (2007). The problem with the Paleozoic. Paleobiology 33, 165-181.

PETERS, S. E. & FooTE, M. (2001). Biodiversity in the Phanerozoic: a reinterpretation.
Paleobiology 27, 583-601.

PETERs, S. E. & HEmM, N. A. (2010). The geological completeness of paleontological
sampling in North America. Paleobiology 36, 61-79.

PETERs, S. E. & HEM, N. A. (2011). Stratigraphic distribution of marine fossils in
North America. Geology 39, 259-262.

PETERS, S. E., HussoN, J. M. & CzAPLEWSKI, J. (2018). Macrostrat: a platform for
geological data integration and deep-time earth crust research. Geochemistry,
Geophysics, Geosystems 19, 1393-1409.

PorLIN, C. (1974). Etude de quelques paléoniscidés pennsyly
Paléontologie, C.N.R.S.

PoruiN, C. & DutnEeIL, D. (2005). Les Aeduellidae (Pisces, Actinopterygii)
carboniferes et permiens: systématique et étude phylogénétique préliminaire.
Geodiversitas 27, 17-33.

PorLiN, C. & LunD, R. (2000). Two new deep-bodied palaconiscoid actinopterygians
from Bear Gulch (Montana, USA, Lower Carboniferous). Journal of Vertebrate
Paleontology 20, 428-449.

du Kansas. Paris, Cahiers de

313

PorLiN, C., WANG, N.-C., RICHTER, M. & SmiTH, M. (1991). An enigmatic
actinopterygian (Pisces: Osteichthyes) from the Upper Permian of China. Joological
Journal of the Linnean Society 103, 1-20.

PorLiN, C. M. & Lunp, R. (2002). Two Carboniferous fine-eyed palaeoniscoids
(Pisces, Actinopterygii) from Bear Gulch (USA). Journal of Paleontology 76, 1014-1028.

PorLIN, M. C. & VERAN, M. (1996). A revision of the actinopterygian fish Coccocephalus wildi
from the Upper Carboniferous of Lancashire. Special Papers in Palacontology 52, 7--30.

PRADEL, A., MAISEY, ]. G., MaPES, R. H. & KruTa, 1. (2016). First evidence of an
intercalar bone in the braincase of “palaconisciform” actinopterygians, with a
virtual reconstruction of a new braincase of Lawrenciella Poplin, 1984 from the
Carboniferous of Oklahoma. Geodiversitas 38, 489-504.

PROKOFIEV, A. M. (2002). First finding of an articulated actinopterygian skeleton from
the Upper Devonian of Siberia and a reappraisal of the family Moythomasiidae
Kazantseva, 1971 (Osteichthyes). Paleontological Research 6, 321-327.

ProkoriEV, A. M. (2005). An interesting new palaeoniscoid actinopterygian
(Osteichthyes) from the Lower Permian of Southeastern Kazakhstan. Paleontological
Research 9, 85-92.

R Core TeaM (2020). R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna.

Raja, N. B., DuNNE, E. M., MATIWANE, A., KHnaN, T. M., NATSCHER, P. S.,
GHILARDI, A. M. & CHATTOPADHYAY, D. (2022). Colonial history and global
economics distort our understanding of deep-time biodiversity. Nature Ecology &
FEvolution 6, 145-154.

Raup, D. M. (1972). Taxonomic diversity during the Phanerozoic. Science 177, 1065~
1071.

Raup, D. M. (1976). Species diversity in the Phanerozoic: an interpretation. Paleobiology
2, 289-297.

REN, Y. & XU, G.-H. (2021). A new species of Pleronisculus from the Middle Triassic
(Anisian) of Luoping, Yunnan, China, and phylogenetic relationships of early
actinopterygian fishes. Vertebrata Palasiatica 59, 169-199.

RICHTER, M. & BREITKREUZ, C. (1997). Permian fish-remains from the north Chilean
Peine Formation. Modern Geology 21, 175-188.

Romano, C., Koor, M. B., Kocan, ., Bravarp, A., MiNIkH, A. V.,
BRINKMANN, W., BucHer, H. & Kriwer, J. (2016). Permian-Triassic
Osteichthyes (bony fishes): diversity dynamics and body size evolution: diversity
and size of Permian-Triassic bony fishes. Biological Reviews 91, 106-147.

ROMER, A. S. (1956). The early evolution of land vertebrates. Proceedings of the American
Philosophical Society 100, 157-167.

ROMER, A. S. (1966). Vertebrate Paleontology, Third Edition. University of Chicago Press,
Chicago.

RyGEL, M. C., CALDER, J. H., GIBLING, M. R., GINGRAS, M. K. & MELROSE, C. S. A.
(2006). Tournaisian forested wetlands in the Horton Group of Atlantic Canada. In
Wetlands through Time (eds S. F. Grep and W. A. DIMicHELE). Geological Society of
America, Boulder, Colorado.

SAHNEY, S., BENTON, M. J. & FERRY, P. A. (2010). Links between global taxonomic
diversity, ecological diversity and the expansion of vertebrates on land. Biology
Letters 6, 544-547.

SaLLAN, L., FRIEDMAN, M., SANsoMm, R. S, Birp, C. M. & Sansowm, 1. J. (2018). The
nearshore cradle of early vertebrate diversification. Science 362, 460-464.

SALLAN, L. & GALIMBERTTI, A. K. (2015). Body-size reduction in vertebrates following
the end-Devonian mass extinction. Science 350, 812-815.

Sarran, L. C. (2012). Tetrapod-like axial regionalization in an early ray-finned fish.
Proceedings of the Royal Soctety B: Biological Sciences 279, 3264-3271.

Sarran, L. C. (2014). Major issues in the origins of ray-finned fish (Actinopterygii)
biodiversity: ray-finned fish (Actinopterygii) origins. Biological Reviews 89, 950-971.
SALLAN, L. C. & CoaTEs, M. 1. (2010). End-Devonian extinction and a bottleneck in
the early evolution of modern jawed vertebrates. Proceedings of the National Academy of

Sciences 107, 10131-10135.

SarraN, L. C. & Coates, M. L. (2013). Styracopterid (Actinopterygii) ontogeny and
the multiple origins of post-Hangenberg deep-bodied fishes. Joological Journal of the
Linnean Society 169, 156-199.

Sarran, L. C. & FriEDMAN, M. (2012). Heads or tails: staged diversification in
vertebrate evolutionary radiations. Proceedings of the Royal Society B: Biological Sciences
279, 2025-2032.

SansoM, R. S., RANDLE, E. & DONOGHUE, P. C. . (2015). Discriminating signal from
noise in the fossil record of early vertebrates reveals cryptic evolutionary history.
Proceedings of the Royal Society B: Biological Sciences 282, 20142245,

SCHINDLER, T. (20184). Neubeschreibung und erste Rekonstruktion von Elonichthys
germart Giebel, 1848. Hallesches Jahrbuch fiir Geowissenschafien 41, 1-33.

SCHINDLER, T. (20184). Revision of Rhabdolepis macropterus (Bronn, 1829) (Osteichthyes,
lower Actinopterygii; Lower Permian, SW Germany). Pall 92, 651-660.

SCHLUTER, D. (2000). The Ecology of Adaptive Radiation. Oxford University Press, Oxford.

SCHNETZ, L., BUTLER, R. J., CoATES, M. I. & SaANsom, 1. J. (2022). Skeletal and soft
tissue completeness of the acanthodian fossil record. Palacontology 65, €12616.

ScHraM, F. R. (1983). Lower Carboniferous biota of Glencartholm, Eskdale,
Dumftriesshire. Scottish Journal of Geology 19, 1-15.

Biological Reviews 98 (2023) 284-315 © 2022 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.



314

ScaurtzE, H.-P. & Barpack, D. (1987). Diversity and size changes in
palaconisciform fishes (Actinopterygii, Pisces) from the Pennsylvanian Mazon
Creek fauna, Ilinois, U.S.A. Journal of Vertebrate Paleontology 7, 1-23.

Scuurrze, H.-P. & Cumsaa, S. L. (2001). Dialipina and the characters of
basal actinopterygians. In Major FEvents in FEarly Vertebrate Evolution,
Paleontology, Phylogeny, Genetics and Development (ed. P. AHLBERG). Taylor and
Francis, London.

ScoTEsE, C. R. (2021). An atlas of Phanerozoic paleogeographic maps: the seas come
in and the seas go out. Annual Review of Earth and Planetary Sciences 49, 679-728.

SEPKOSKI, J. J. (1981). A factor analytic description of the Phanerozoic marine fossil
record. Paleobiology 7, 36-53.

SEPKOSKI, J. J. Jr. (2002). A compendium of fossil marine animal genera. Bulletins of

American Paleontology 363, 1-560.

SmmOEs, T. R., VERNYGORA, O., CALDWELL, M. W. & PIErcE, S. E. (2020).
Megaevolutionary dynamics and the timing of evolutionary innovation in reptiles.
Nature Communications 11, 3322.

SIMUNEK, Z. & CLEAL, C. J. (2020). The systematic and palacoecological significance
of Neuropteris ovata (Medullosales) cuticles from the Stephanian Stage of the
Puertollano Basin, Spain. Spanish Journal of Palacontology 31, 231-243.

SLATER, G.]. (2013). Phylogenetic evidence for a shift in the mode of mammalian body
size evolution at the Cretaceous-Palacogene boundary. Methods in Ecology and Evolution
4, 734-744.

SmrtH, A. B. (2001). Large-scale heterogeneity of the fossil record: implications for

Phanerozoic biodiversity studies. Philosophical Transactions of the Royal Sociely of

London. Series B: Biological Sciences 356, 351-367.

SmrtH, A. B. & McGowaN, A. J. (2011). The ties linking rock and fossil records and
why they are important for palaeobiodiversity studies. Geological Society, London,
Special Publications 358, 1-7.

SmiTH, G. R., STEARLEY, R. F. & BADGLEY, C. E. (1988). Taphonomic bias in fish

Struan Henderson and others

STIGALL, A. L., BAUER, J. E., Lam, A. R. & WRIGHT, D. F. (2017). Biotic immigration
events, speciation, and the accumulation of biodiversity in the fossil record. Global and
Planetary Change 148, 242-257.

SwARTZ, B. A. (2009). Devonian actinopterygian phylogeny and evolution based on a
redescription of Stegotrachelus finlayi. Zoological Journal of the Linnean Society 156,
750-784.

TAVERNE, L. P. (1997). Osorioichthys marginis, ‘paléonisciforme’ du Famennien de
Belgique, et la phylogénie des actinoptérygiens dévoniens (Pisces). Bulletin de
Ulnstitut Royal des Sciences Naturelles de Belgique 67, 57-78.

Tuomson, K. S. (1977). The pattern of diversification among fishes. In Developments in
Palaeontology and Stratigraphy (ed. A. HaLLam), pp. 377-404. Elsevier, Amsterdam.
TRAQUAIR, R. H. (18774). On the Agassizian Genera Amblypterus, Palaconiscus, Gyrolepts,

and Pygopterus. Quarterly Journal of the Geological Society 33, 548-578.

TraQualr, R. H. (1877h). The Ganoid Fishes of the British Carboniferous
Formations. Part 1. Palaoniscide. Pages 1-60; Plates I-VIL. Monographs of the
Palacontographical Society 31, 1-60.

TRAQUAIR, R. H. (1879). On the structure and affinities of the Platysomide. Geological
Magazine 6, 343-392.

TRAQUAIR, R. H. (1881). IIL.— Report on fossil fishes collected by the Geological
Survey of Scotland in Eskdale and Liddesdale. Part I.—Ganoidei. Transactions of the
Royal Society of Edinburgh 30, 15-71.

TRAQUAIR, R. H. (1890). LXI.— Observations on some fossil fishes from the lower
Carboniferous Rocks of Eskdale, Dumfriesshire. Annals and Magazine of Natural
History 6, 491-494.

TRAQUAIR, R. H. (1908). IV.—Report on fossil fishes collected by the Geological
Survey of Scotland from shales exposed on the shore near Gullane, East Lothian.
Earth and Environmental Science Transactions of the Royal Soctety of Edinburgh 46, 103-117.

TRrAQUAIR, R. H. (1912). The Ganoid Fishes of the British Carboniferous Formations.
Part I, No. 6. Pal@oniscide. Pages 159-180; Plates XXXVI-XL. Monographs of the

diversity from Cenozoic floodplain environments. Pal iphy, Palacoclimatology,
Palaeoecology 63, 263-273.

SmiTHWICK, F. M. & Stusss, T. L. (2018). Phanerozoic survivors: Actinopterygian
evolution through the Permo-Triassic and Triassic-Jurassic mass extinction events.
Evolution 72, 348-362.

SOLER-GIJON, R. & MORATALLA, J. J. (2001). Fish and tetrapod trace fossils from the
Upper Carboniferous of Puertollano, Spain. Pall why, Palaeoclimatology,
Palaeoecology 171, 1-28.

Sour, L. C. & FRIEDMAN, M. (2017). Bias in phylogenetic measurements of extinction
and a case study of end-Permian tetrapods. Palacontology 60, 169-185.

Sour, L. C. & WRIGHT, D. F. (2021). Phylogenetic comparative methods: a user’s
guide for paleontologists. In Elements of Paleontology. Cambridge University Press,
Cambridge.

SPEED, M. P. & ARBUCKLE, K. (2017). Quantification provides a conceptual basis for
convergent evolution. Biological Reviews 92, 815-829.

STACK, J., HODNETT, J.-P., Lucas, S. G. & SavLvran, L. (2021). Tanyrhinichthys
meallistert, a long-rostrumed Pennsylvanian ray-finned fish (Actinopterygii) and the
simultancous appearance of novel ecomorphologies in Late Palacozoic fishes.
Loological Journal of the Linnean Society 191, 347-374.

STAMBERG, S. (1991). Actinopterygians of the central bohemian carboniferous basins.
Acta Muser Nationalis Pragae, Series B 47, 25-102.

STAMBERG, S. (2006). Carboniferous-Permian actinopterygian fishes of the continental

basins of the Bohemian Massif, Czech Republic: an overview. Geological Soctety,
London, Special Publications 265, 217-230.

STAMBERG, S. (2007). Permo-Carboniferous Actinopterygians of the Boskovice Graben, Pant 1 - Neslovicela,
Bourbonnella, Letovichthys, Elonichthys. Museum of Eastern Bohemia, Hradec Krélové.

STAMBERG, S. (2010). Taxonomic remarks on Rhabdolepis saarbrueckensis Gardiner, 1963
(Osteichthyes: Actinopterygii) and its relationships to some actinopterygians from the
Late Carboniferous of the Bohemian Massif, Czech Republic. Journal of the National
Museum (Prague), Natural History Series 179, 153-170.

STAMBERG, S. (2013). Knowledge of the Carboniferous and Permian actinopterygian
fishes of the Bohemian Massif - 100 years after Antonin Fri¢. Acta Musei Nationalis
Pragae, Series A - Historia 67, 159-182.

STAMBERG, S. (20164). Actinopterygians of the Stephanian sediments of the Krkonose
Piedmont Basin (Bohemian Massif) and their palacobiogeographic relationship.
Bulletin of Geosciences 91, 169-186.

STAMBERG, S. (20164). A new actinopterygian species of Igornichthys Heyler, 1972 from
the Permian of the KrkonoSe Piedmont Basin (Bohemian Massif, Czech Republic),
and its relationship to the actinopterygians of other European Permo-
Carboniferous basins. Geodiversitas 38, 475-488.

STAMBERG, S. (2021). Actinopterygians of the Broumov Formation (Permian) in the
Cizech part of the Intra-Sudetic Basin (the Czech Republic). Fossil Imprint 77,73-101.

STAMBERG, S. & STEYER, J.-S. (2021). New actinopterygians from the Permian of the Brive
Basin, and the ichthyofaunas of the French Massif Central. Fossil Imprint 77, 145-165.

STAMBERG, S. & ZAJic, . (2008). Carboniferous and Permian Faunas and their Occurrence
wn the Limnic Basins of the Czech Republic. Museum of Eastern Bohemia, Hradec
Kralové.

Pal graphical Society 65, 159-180.

TriNajsTIC, K., BRrIGGS, D. E. G. & LoNG, J. A. (2022). The Gogo Formation
Lagerstitte: a view of Australia’s first great barrier reef. Journal of the Geological
Society 179, 1-12.

TuriN, S. L. & BUTLER, R. J. (2017). The completeness of the fossil record of
plesiosaurs, marine reptiles from the Mesozoic. Acta Palaeontologica Polonica 62,
563-573.

TVERDOKHLEBOV, V. P., TVERDOKHLEBOVA, G. I., MINIKH, A. V., SURKOV, M. V. &
BeENnTON, M. J. (2005). Upper Permian vertebrates and their sedimentological
context in the South Urals, Russia. Earth-Science Reviews 69, 27-77.

VAzQUEz, P. & CrLapHAM, M. E. (2017). Extinction selectivity among marine fishes
during multistressor global change in the end-Permian and end-Triassic crises.
Geology 45, 395-398.

WALKER, F. M., DUNHILL, A. M. & BENTON, M. J. (2020). Variable preservation
potential and richness in the fossil record of vertebrates. Palacontology 63, 313-329.
WAaNG, N.-Z., JiN, F., WaNG, W. & ZHu, X.-S. (2007). Actinopterygian fishes from the
Permian-Triassic boundary beds in Zhejiang and Jiangxi Provinces, South China,

and fish mass extinction, recovery and radiation. Vertebrata Palasiatica 45, 307.

WaNG, W., Qu, Q.-M. & Znu, M. (2010). A brief review of the Middle Palacozoic
vertebrates from Southeast Asia. Palacoworld 19, 27-36.

WaRrDp, P., LABANDEIRA, C., LAURIN, M. & BERNER, R. A. (2006). Confirmation of
Romer’s Gap as a low oxygen interval constraining the timing of initial arthropod and
vertebrate terrestrialization. Proceedings of the National Academy of Sciences 103, 16818-16822.

Weems, R. E. & WiNnoorpeH, J. F. J. (1986). A new actinopterygian fish
(Paleonisciformes) from the Upper Mississippian Bluestone Formation of West
Virginia. Proceedings of the Biological Society of Washington 99, 584-601.

WesToLL, T.S. (1934). The Permian Palaeoniscid Fishes of Northumberland and Durham. PhD
Thesis: Durham University.

Westorr, T. S. (1941a). The age of certain Permian fish-bearing strata. Geological
Magazine 78, 37-44.

WEsToLL, T. S. (19415). The Permian fishes Dorypterus and Lekanichthys. Proceedings of the
RLoological Society of London B111, 39-58.

WHALEN, C. D. & BriGas, D. E. G. (2018). The Palacozoic colonization of the water
column and the rise of global nekton. Proceedings of the Royal Society B: Biological Sciences
285, 20180883.

Warte, E. 1. (1927). XI—The Fish-Fauna of the Cementstones of Foulden,
Berwickshire. Earth and Environmental Science Transactions of the Royal Society of
Edinburgh 55, 255-287.

WirrLiams, S. C. & Lucas, S. G. (2013). Taphonomy and paleoecology of
Pennsylvanian fishes from the Kinney Brick Quarry, New Mexico, USA. In The
Carboniferous-Permian Transition: Bulletin 60 (eds S. G. Lucas, W. A. DIMICHELE, J. E.
BARRICK, J. W. ScHNEIDER and J. A. SPIELMANN), pp. 371-389. New Mexico
Museum of Natural History, Albuquerque.

WiLson, C. D., PARDO, J. D. & ANDERSON, J. S. (2018). A primitive actinopterygian
braincase from the Tournaisian of Nova Scotia. Royal Society Open Science 5, 171727.

Wowmack, T. M., CRAMPTON, J. S. & HANNAH, M. J. (2021). Spatial scaling of beta
diversity in the shallow-marine fossil record. Paleobiology 47, 39-53.

Biological Reviews 98 (2023) 284-315 © 2022 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.



The early diversification of ray-finned fishes

WoODWARD, A. S. (1891). Catalogue of the Fossil Fishes in the British Museum (Natural
History), Part I1. British Museum (Natural History), London.

WoobpwaRD, A. S. (1931). XLVIL—On Urosthenes, a fossil fish from the Upper Coal
Measures of Lithgow, New South Wales. Annals and Magazine of Natural History 8,
365-367.

WooDpwARD, A. S. (1940). XLIX.—A Palaoniscid Fish (Elonichthys davidz, sp. n.) from
the Newcastle Coal Measures, New South Wales. Annals and Magazine of Natural
History 6, 462—464.

Xu, G.-H., Gao, K--Q. & FINARELLL J. A. (2014). A revision of the Middle Triassic
scanilepiform fish Fukangichthys longidorsalis from Xinjiang, China, with comments
on the phylogeny of the Actinopteri. Journal of Vertebrate Paleontology 34, 747-759.

YANKEVICH, D. I. & MINIKH, M. G. (1998). Ichthyofauna. In Biota of Fast European
Russia at the Early/Late Permian Boundary (International Symposium ““Upper Permian
Stratotypes of the Volga Region”) (eds T. A. Grunt, N. K. EsavLova and G. P.
Kanev). GEOS, Moscow.

Znu, M. & Scuurtze, H.-P. (1997). The oldest sarcopterygian fish. Lethaia 30(4),
293-304.

Znu, M. & ScHULTZE, H.-P. (2001). Interrelationships of basal osteichthyans. In Major
Events in Early Vertebrate Evolution, Paleontology, Phylogeny, Genetics and Development (ed. P.
AHLBERG). Taylor and Francis, London.

Znu, M., Yu, X. & JANVIER, P. (1999). A primitive fossil fish sheds light on the origin of
bony fishes. Nature 397, 607-610.

Znu, M., Yu, X., WANG, W., Znao, W. & Jia, L. (2006). A primitive fish provides key
characters bearing on deep osteichthyan phylogeny. Nature 441, 77-80.

Znu, M., Zuao, W., Jia, L., Lu, J., Q1ao, T. & Qu, Q. (2009). The oldest articulated
osteichthyan reveals mosaic gnathostome characters. Nature 458, 469-474.

ZIDEK, J. (1992). Late Pennsylvanian Chondrichthyes, Acanthodii, and deep-bodied
Actinopterygii from the Kinney Quarry, Manzanita Mountains, New Mexico. New
Mexico Bureau of Mines & Mineral Resources Bulletin 138, 145-182.

ZOHAR, 1., BELMAKER, M., NADEL, D., GAFNY, S., GOREN, M., HERSHKOVITZ, I. &
Davan, T. (2008). The living and the dead: how do taphonomic processes modify

315

relative abundance and skeletal completeness of freshwater fish? Palaeogeography,
Palaeoclimatology, Palacoecology 258, 292-316.

IX. SUPPORTING INFORMATION

Additional supporting information may be found online in
the Supporting Information section at the end of the article.

Fig. S1. Regressions of total genus richness in individual
equal-length stages with (A) number of localities,
(B) number of geological formations, (C) number of occupied
equal-area grid cells, (D) stage length, and (E) sea level; and
regressions of freshwater genus richness (F) and marine genus
richness (G) with sea level, including Devonian stages, and of
overall genus richness (H) and freshwater genus richness
(I) with sea level, excluding Devonian stages.

Table S1. Occurrences of Palacozoic actinopterygians (ma,
million years ago; myr, million years).

Table S2. Description of the roughly equal-length time
intervals into which occurrence data were placed (ma, mil-
lion years ago; myr, million years).
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